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1 

SCHIFF BASE METAL COMPLEXES FOR USE AS CATALYSTS IN ORGANIC SYNTHESIS. 

The present invention relates to transition metal complexes which are useful as catalyst 
components, either alone or in combination with co-catalysts or initiators, in a wide variety of 

5 organic synthesis reactions including plefin metathesis, acetylene metathesis and reactions 
involving the transfer of an atom or group to an ethylenlcally or acetylenically unsaturated 
compound or another reactive substrate, such as atom transfer radical polymerisation, atom 
transfer radical addition, vinylation, cyclopropanatlon of ethylenically unsaturated compounds, 
epoxidatlon, oxidative cyclisation, aziridination, cyclopropenation of alkynes, Diels-Alder reactions, 

10 Michael addition, aldol condensation of ketones or aldehydes, Robinson annulation, hydroboration, 
hydrosilylation, hydrocyanation of olefins and alkynes, allylic alkylation, Grignard cross-coupling, 
oxidation of organic compounds (including saturated hydrocarbons, sulfides, selenides, phosphines 
and aldehydes), hydroamidation, isomerization of alcohols into aldehydes, aminolysis of olefins, 
hydroxylatlon of olefins, hydride reduction, Heck reacbons, and hydrogenatlon of olefins or ketones. 

15 The present invention also relates to methods for making said transition metal complexes 

and to novel intermediates involved in such methods. 

The present invention also relates to obtaining polymers with extremely narrow molecular 
weight distribution by means of a living polymerisation reaction. The present invention further 
relates to certain derivatives of the said metal complexes which are suitable for covalent bonding to 

20 a carrier, the product of such covalent bonding being useful as a supported catalyst for 
heterogeneous catalytic reactions. More particularly, the present invention relates to certain Schiff 
base complexes of metals such as ruthenium and their use as catalysts for ring-opening 
metathesis polymerisation of cyclic olefins, atom transfer radical polymerisation of styrenes or 
(meth)acryliG esters, and for qutnoline synthesis. 

25 

BACKGROUND OF THE INVENTION 

Olefin metathesis Is a catalytic process including, as a key step, a reaction t>etween a first 
olefin and a first transition metal alkylidene complex, thus producing an unstable intermediate 
metallacyclobutane ring which then undergoes transformation into a second olefin and a second 
30 transition metal alkylidene complex according to equation (1) hereunder. Reactions of this kind are 
reversible and in competition with one another, so the overall result heavily depends on their 
respective rates and, when fomnation of volatile or insoluble products occur, displacement of 
equilibrium. 

M CHR, 

[M]=CHR, + R,CH=CHR2 | | ^ [M]=CHR2 + R,CH=CHRi d) 

CHR^-CHRj ds or trans 

35 Several exemplary but non-limiting types of metathesis reactions for mono-olefins or di- 

olefins are shown in equations (2) to (5) herein-after. Removal of a product, such as ethylene in 
equation (2), from the system can dramatically alter the course and/or rate of a desired metathesis 
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reaction, since ethylene reacts with an alkylidene complex In order to fomn a methylene (M^CHs) 
complex, which is the most reactive and also the least stable of the alkylidene complexes. 



5 two different terminal olefins. Coupling reactions involving dienes lead to linear and cyclic dimers, 
oligomers, and, ultimately, linear or cyclic polymers (equation 3). In general, the latter reaction 
called acyclic diene metathesis (hereinafter referred to as ADWIET) is favoured in highly 
concentrated solutions or in bulk, while cydisatlon Is favoured at low concentrations. When intra- 
molecular coupling of a diene occurs so as to produce a cyclic alkene, the process is called ring- 

10 closing metathesis (hereinafter referred to as RCM) (equation 4), Strained cyclic olefins can be 
opened and oligomerised or polymerised (ring opening metathesis polymerisation, hereinafter 
referred to as ROMP, shown in equation 5). When the alkylidene catalyst reacts more rapidly with 
the cyclic olefin (e.g. a norbomene or a (yclobutene) than with a carbon-cart>on double tx>nd in the 
growing polymer chain, then a "living ring opening metathesis polymerisation" may result, i.e. there 

15 is little tennination during or after the polymerization reaction. 

A large number of catalyst systems comprising well-defined single component metal 
carbene complexes have been prepared and utilized in olefin metathesis. One major development 
in olefin metathesis was the discovery of the ruthenium and osmium carbene complexes by Grubbs 
and co-workers. U.S. Patent No. 5.977,393 discloses SchlfT base derivatives of such compounds, 

20 which are useful as olefin metathesis catalysts, wherein the metal is coordinated by a neutral 
electron donor, such as a triarylphosphine or a tri(cyclo)alkyIphosphine, and by an anionic ligand. 
Such catalysts show an improved thennal stability while maintaining metathesis activity even in 
polar protic solvents. They are also able to cydise diallylamine hydrochloride to dihydropyrrole 
hydrochloride. Remaining problems to be solved with the carbene complexes of Grubbs are (i) 

25 improving both catalyst stability (i.e. slowing down decomposition) and metathesis activify at the 
same time and (10 broadening the range of organic products achievable by using such catalysts, 
e.g. providing ability to ring-close highly substituted dienes into tri- and tetra-sutxstituted olefins. 

On the other hand, living polymerisation systems were reported for anionic and cationic 
polymerisation, however their industrial application has been limited by the need for high-purity 

30 monomers and solvents, reactive initiators and anhydrous conditions. In contrast, free-radical 
polymerisation is the most popular commercial process to yield high molecular weight polymers. A 



coupling 
2 RCH=CH2 — ^ 




y I^C=CH(CH2) aH[=CH2 




X 



Of potentially greater interest than homo-coupling (equation 2) Is cross-coupling between 
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lange variety of monomers can be polymerised and copolymerised radically under relatively simple 
experimental conditions vyrtiich require the absence of oxygen but can be carried out in the 
presence of water. However free-radical polymerisation processes often yield polymers with ill- 
controlled molecular weights and high polydispersities. Combining the advantages of living 
polymerisation and radical polymerisation is therefore of great interest and was achieved by the 
atom (or group) transfer radical polymerisation process (hereinafter referred as ATRP) of U.S. 
Patent No. 5.763.548 involving (1) the atom or group transfer pathway and (2) a radical 
intemiediate. This type of living polymerization, wherein chain breaking reactions such as transfer 
and temiination are substantially absent, enables control of various parameters of the 
macromolecular structure such as molecular weight, molecular weight distribution and tenninal 
functionalities. It also allows the preparation of various copolymers, including block and star 
copolymers. Living/controlled radical polymerization requires a low stationary concentration of 
radicals in equilibrium with various domiant species. It makes use of novel initiation systems based 
on the reversible fomiatlon of growing radicals in a redox reaction between various transition metal 
compounds and initiators such as alkyi halides. aralkyi halides or haioaikyi esters. ATRP is based 
on a dynamic equilibrium between the propagating radicals and the dormant species which is 
established through the reversible transition metal-catalysed cleavage of the covalent carbon- 
halogen bond in the domiant species. Polymerisation systems utilising this concept have been 
developed for instance wrth complexes of copper, ruthenium, nickel, palladium, rtiodium and iron in 
order to establish the required equilibrium. 

Due to the development of ATRP. further interest appeared recently for the Kharash 
addition reaction, consisting in the addition of a polyhalogenated aikane across an olefin through a 
radical mechanism (first published by Kharash et al. in Science (1945) 102:169) according to the 
following scheme (wherein X may be hydrogen or chloro or bromo, and R and R' may be each 
independently selected from hydrogen. C1-7 alkyi. phenyl and carboxylic acid or ester): 



X = C1 



Because ATRP is quite similar to the Kharasch addition reaction, the latter may also be 
called Atom Transfer Radical Addition (hereinafter referred as ATRA) and attracted interest in 
transition metal catalysis. Research in this field also focused on the use of new olefins and 
telogens and a wide range of intemal. tenminal and cydio olefins and diolefins were tested wfth a 
wide range of polyhalides including fluoro, chloro. bromo and iodo as halogen atoms, as described 
for instance in Eur. Polym. J. (1980) 16:821 and Tetrahedmn (1972) 28:29. 

Intemational patent application published as WO 03/062253 discloses five-coordinate metal 
complexes, salt, solvates or enantiomers thereof, comprising a cartoene iigand. a multidentate 
ligand and one or more other ligands. wherein at least one of said other ligands is a constraint 
steric hindrance ligand having a pKa of at least 15. More specifically, the said document discloses 
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five-coordinate metal complexes having one of the general fomnulae (lA) and (IB) refen*ecl to In 

figure 3 thereof, wherein: 

M is a metal selected from the group consisting of groups 4, 5, 6, 7, 8, 9, 10, 11 and 12 of 
the Periodic Table, preferably a metal selected from ruthenium, osmium, iron, 
5 molybdenum, tungsten, titanium, rhenium, copper, chromium, manganese, rhodium, 

vanadium, zinc, gold, silver, nickel and cobalt; 

Z is selected from the group consisting of oxygen, sulphur, selenium, NR"", PR"", AsR"" 
and SbR""; 

R", R"' and R"" are each a radical independently selected from the group consisting of 
10 hydrogen, C^^ alkyi, cycloalkyi, alkyl-Ci^ alkoxysilyl, Ci-e alkyl-aryloxysilyJ, 

alkyl-C3.io cydoaikoxysilyl. aryl and heteroaryl, or R" and R"' together form an aryl or 
heteroaryl radical, each said radical (when different from hydrogen) being optionally 
substituted with one or more, preferably 1 to 3, substituents Rs each Independently 
selected from the group consisting of halogen atoms, alkyl, alKoxy, aryl, 
15 alkytsulfonate, arylsulfonate, alkylphosphonate, arylphosphonate, alkyl-Ci^ alko^sllyl, 

alkyl-arylbxysilyl, alkyl-C3.io cydoaikoxysilyl, alkylammonium and arylammonium; 
R' is either as defined for R", R"" and R"" when induded in a compound having the general 
formula (lA) or, when included in a compound having the general formula OB), is selected 
from the group consisting of C^^ aikylene and Cs^ cycloalkylene, the said alkyiene or 
20 cycloalkylene group being optionally substituted with one or more substituents R5; 

Ri is a constraint steric hindrance group having a pKa of at least about 15; 
R2 is an anionic ligand; 

R3 and R4 are each hydrogen or a radical selected from the group consisting of C1.20 alkyl, 
C2-20 alkenyl, C2-20 alkynyl. C1.20 cart)oxylate, C1.20 alkoxy, C2.20 alkenyloxy, C2-20 alkynyloxy, 
25 aryl, aryloxy, C1.20 alkoxycarbonyl, alkylthio, C1.20 alkylsulfonyl, C1.20 alkylsulfinyl C1.20 

alkylsulfonate, arylsulfonate, Ci.2o alkylphosphonate, arylphosphonate, 61.20 
alkylammonium and arylammonium; 

R' and one of R3 and R4 may be bonded to each other to form a bidentate ligand; 
R"' and R"" may be bonded to eadi other to fonn an aliphatic ring system induding a 
30 heteroatom selected from the group consisting of nitrogen, phosphorous, arsenic and 

antimony; 

R3 and R4 together may form a fused aromatic ring system, and 

y represents the number of sp2 carbon atoms between M and the cart)on atom bearing R3 
and R4 and is an integer from 0 to 3 indusive, 
35 salts, soh^ates and enantiomers thereof. 

These five-coordinate metal complexes induding a carbene ligand proved to be very effident olefin 
metathesis catalysts but also very effident components In the catalysis or initiation of atom (or 
group) transfer radical reactions such as ATRP or ATRA, as well as vinylation reactions, e.g. enol- 
ester synthesis. The same document also discloses that the Schiff base derivatives of ruthenium 
40 and osmium of U.S. Patent No. 5,977,393 as well as the conresponding derivatives of other 
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transition metals, may also be used In the catalysis or Initiation of atom (or group) transfer radical 
reactions such as ATRP or ATRA, as well as vinyiation reactions, e.g. enol-ester synthesis. 

However there is a continuous need in the art for improving catalyst efficiency, i;e. 
improving the yield of the reaction catalysed by the said catalyst component after a certain period 

5 of time under given conditions (e.g. temperature, pressure, solvent and reactant/catalyst ratio) or 
else, at a given reaction yield, providing milder conditions (lower temperature, pressure closer to 
atmospheric pressure, easier separation and purification of product from the reaction mixture) or 
requiring a smaller amount of catalyst Q.e. a higher reactant/catalyst ratio) and thus resulting in 
more economic and environment-friendly operating conditions. This need is still more stringent for 

10 use in reaction-injection molding (RIM) processes such as, but not limited to, the bulk 
polymerisation of endo- or exo-dicyclopentadlene, or formulations thereof. 

WO 93/20111 describes osmium- and ruthenlum-carbene compounds with phosphine 
ligands as purely thermal catalysts for ring-opening metathesis polymerization of strained 
cycloolefins, in which cydodienes such as dicyclopentadiene act as catalyst inhibitors and cannot 

15 be polymerized. This i{5 confimied for instance by example 3 of U.S. Patent No. 6,284,852, wherein 
dicyclopentadiene did not yield any polymer, even after days in the presence of certain ruthenium 
carbene complexes having phosphine ligands. However, U, S. Patent No. 6,235,856 teaches that 
dicyclopentadiene Is accessible to themial metathesis polymerization with a single-component 
catalyst if carbene-free ruthenium(ll)- or osmium(n)-phosphine catalysts are used. 

20 Experiments have shown that the efficiency of ruthenium alkylidene complexes in olefin 

metathesis reactions is inversely proportional to their activity In ATRP and ATRA, i.e. the most 
efFident catalysts for olefin metathesis reactions display the lowest activity in ATRP and ATRA. 
Therefore, there is a need in the art for a catalyst component which is able to display a high 
efficiency both in olefin metathesis reactions and in ATRP and ATRA. There is also a need in the 

25 art for a catalyst component which is able to initiate olefin metathesis reactions under very mild 
conditions, e.g. at room temperature. Rnally there is also a need in the art for a catalyst component 
which is able to initiate vinyiation reactions with high efficiency. 

Furthermore, since presently available synthetic routes to the catalysts of U.S.Patent No. 
5,977,393 proceed through the transfomnation of a ruthenium bisphosphane carbene, the 

30 development of catalysts with equivalent or better perfonmance characteristics but synthesised 
directly from less expensive and more readily available starting materials, induding from other 
transition metals, still corresponds to a need in the ari:. 

All the above needs constitute the various goals to t>e achieved by the present invention. 

35 SUMMARY OF THE INVENTION 

The present Invention is based on a first unexpected finding that eflident olefin metathesis 
catalysts can be obtained from metal complexes, in particular ruthenium complexes, which do not 
include an alkylidene ligand. Other unexpected findings of the invention are that effident olefin 
metathesis catalysts can also be obtained by coordinating a metal such as ruthenium with: 
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6 

- Specifically substituted tetradentate ligands comprising two Schiff bases linked through a 
linking group having strongly eiectron-v^nthdrawing substituents, or 

- a combination of two anionic ligands, a non-anionic unsaturated iigand and an aliphatic 
saturated monoamine. 

5 Another finding of the present invention is that such novel metal complexes as well as some known 
metal complexes, either used as such or supported onto a carrier, are efficient catalysts in organic 
synthesis reactions such as acetylene metathesis and reactions involving the transfer of an atom or 
group to an ethylenically or acetylenically unsaturated compound or another reactive substrate, 
such as atom transfer radical polymerisation or addition, vinylation, cydopropanation of 

10 ethylenically unsaturated compounds, quinoline synthesis, epoxidation, oxidation of organic 
compounds including saturated hydrocarbons, sulfides, selenides, phosphines and aldehydes), 
cyclopropenation of alkynes, hydrocyanation of olefins and alkynes, hydrosilylation of olefins or 
alkynes or ketones, aziridinatlon of olefins, hydroamidation, hydrogenation of olefins or ketones, 
aminolysis of olefins, isomerisation of alcohols into aldehydes, Grignard cross-coupling, 

15 hydroboration, Michael addition, aldo! condensation of ketones or aldehydes, Robinson annulation, 
codimerisation of alkenes, hydroxylation of olefins, hydride reduction, allylic alkylation, Heck 
reactions, and Dieis-Aider reactions. 

BRIEF DESCRIPTION OF THE DRAWINGS 
20 Figure 1 schematically shows the general fomnuiae (lA) and (IB) of bidentate Schiff base 

ligands that are suitable for coordination in metal complexes according to an emtK)diment of the 
present invention. 

Figure 2 schematically shows the general fomnulae (IIA), (IIB) and (IIC) of tetradentate 
ligands having two Schiff bases that are suitable for coordination in metal complexes according to 
25 another embodiment of the present invention. 

Figure 3 schematically shows the general formulae (II lA) and (IIIB) of tetradentate Schiff 
base ligands and the general formula (II IC) of bidentate ligands that are suitable for coordination in 
metal complexes according to another embodiment of the present invention. 

Figure 4 shows the proton nudear magnetic resonance spectrum of a Schiff base Iigand 
30 that is suitable for coordination in the metal complexes according to an embodiment of the present 
invention. 

Figure 5 schematically shows the general fomiula (IV) of tridentate Schiff base ligands that 
are suitable for coordination in metal complexes according to another embodiment of the present 
invention. 

35 Figure 6 schematically shows general fomnulae (V) and (VI) of pyrrolaldimine ligands that 

are suitable for coordination in metal complexes according to another embodiment of the present 
invention. 

40 
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DEFiNITtONS 

As used herein, the term complex, or coordination compound, refers to the result of a 
donor-acceptor mechanism or Lewis acid-base reaction between a metal (the acceptor) and 
several neutral molecules or ionic compounds called ligands, each containing a non-metallic atom 
5 or ion (the donor). Ligands that have more than one atom with lone pairs of electrons (i.e. more 
than one point of attachment to the' metal center) and therefore occupy more than one coordination 
site are called muttidentate ligands. The latter, depending upon the number of coordination sites 
occupied, include bidentate, tridentate and tetradentate ligands. 

As used herein, the tenm " monometallic " refers to a complex in which there is a single 
10 metal center. 

As used herein, the terni " heterobimetallic " refers to a comply in which there are two 
different metal centers. 

As used herein, the tenm " homobimetallic " refers to a complex having two identical metal 
centers, which however need not have identical ligands or coordination number. 
15 As used herein, the term " metal " refers to a transition metal t>elonging to any of groups 4, 

5, 6, 7, 8, 9, 10, 11 and 12 of the Periodic Table such as, but not limited to, Iridium, ruthenium, 
osmium, iron, molybdenum, tungsten, titanium, rhenium, technetium, lanthanum, copper, 
chromium, manganese, palladium, platinum, rhodium, vanadium, zinc, cadmium, mercury, gold, 
silver, nickel and cobalt. 

20 As used herein with respect to a substituting radical, ligand or group, the tenm " Ci.y alkyi " 

means straight and branched chain saturated acyclic hydrocarbon monovalent radicals having from 
1 to 7 carbon atoms such as, for example, methyl, ethyl, propyl, n-butyl, 1-methylethyl Osopropyl), 
2-methylpropyl (isobutyi). 1,1-dimethylethyl (ter-butyl). 2-methylbutyl, n-pentyl, dimethylpropyl, n- 
hexyl, 2-methylpentyl, 3-methylpentyl, n-heptyi and the like; optionally the cartK)n chain length of 

25 such group may be extended to 20 carbon atoms. 

As used herein with respect to a substituting radical, and unless otherwise stated, the term 
" acyl " broadly refers to a carbonyl (oxo) group adjacent to a C1.7 alkyI radical, a C3-10 cycloalkyi 
radical, an aryl radical, an arylalkyi radical or a heterocyclic radical, all of them being such as 
herein defined; representative examples include acetyl, benzoyl, naphthoyl and the like; similarly, 

30 the term " thioacyl " refers to a C=S (thioxo) group adjacent to one of said radicals. 

As used herein with respect to a linking group, the term " Ci_7 alkylene " means the 
dh^alent hydrocarbon radical corresponding to the above defined Cv? alkyI, such as methylene, 
bis(methylene), tris(methylene), tetramethylene, hexamethylene and the like. 

As used herein with respect to a sutistitutlng radical, ligand or group, the terni " C3.10 

35 cycloalkyi " mean a mono- or polycydic saturated hydrocarbon monovalent radical having from 3 to 
10 carbon atoms, such as for instance cydopropyl, cydobutyl, cyciopentyl, cydohexyl, cydoheptyl, 
cycloodyl and the like, or a C7.10 polycydic saturated hydrocarbon monovalent radical having from 
7 to 10 carbon atoms such as, for instance, norbomyl, fenchyl. trimethyltricycloheptyl or adamantyl. 
As used herein with respect to a suk>stituting radical, and unless otherwise stated, the tenm 

40 " C3.10 cydoalkyl-alkyi " refers to an aliphatic saturated hydrocarbon monovalent radical (preferably 
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a C1.7 alkyi such as defined above) to which a C3.10 cycloalicyl (such as defined above) is already 
linked such as, but not limited to. (^clohexyfmethyi. cydopentyimethyl and the like. 

As used herein with respect to a linking group, and unless otherwise stated, the term " C3. 
10 cycloalkylene" means the divalent hydrocarbon radical conresponding to the above defined C3.10 
cycloalkyi, such as 1 ,2-cyclohexylene and 1.4-cyciohexylene. 

As used herein with respect to a substituting radical, ligand or group, and unless otherwise 
stated, the term " aryl " designates any mono- or polycyclic aromatic monovalent hydrocaiton 
radical having from 6 up to 30 cartoon atoms such as but not limited to phenyl, naphthyl, 
anthracenyl, phenantracyl. fiuoranthenyi. chrysenyl. pyrenyl. biphenylyl, terphenyl. picenyl. indenyl! 
biphenyl, indacenyl, benzocyclobutenyl. benzocyclooctenyl and the like, including fused benzo-C« 
cycloalkyi radicals (the latter being as defined above) such as. for instance, indanyl. 
tetrahydronaphtyl. fluorenyl and the like, all of the said radicals being optionally subsUtuted with 
one or more substituents selected from the group consisting of halogen, amino, hydroxyl. sulfhydryl 
and nitro. such as for Instance 4-fluorophenyl. 4-chlorophenyl. 3,4.dichlorophenyl. 2.6-dfisopropyl- 
4-bromophenyl, pentafluorophenyl. 4-cyanophenyl. 2,6-dichlorophenyl. 2-fluorophenyl. 3- 
chlorophenyl, 3,5-dichIorophenyl and the like. 

As used herein with respect to a linking group, and unless otherwise stated, the temi 
"arylene" means the divalent hydrocartoon radical corresponding to the above defined aryl. such as 
phenylene. naphtylene and the like. 

As used herein with respect to a combination of two substituting hydrocartoon radicals, and 
unless othenftrise stated, the temi " homocyclic" means a mono- or polycyclic. saturated or mono- 
unsaturated or polyunsaturated hydrocarbon radical having from 4 up to 15 carbon atoms but 
including no heteroatom in the said ring; for instance the said combination fonns a Ca^ alkylene 
radical, such as tetramethylene, which cydizes with the carbon atoms to which the said two 
substituting hydrocarbon radicals are attached. 

As used herein with respect to a substituting radical (including the combination of two 
substituting radicals), ligand or group, and unless othenivise stated, the term " heterocyclic " means 
a mono- or polycyclic. saturated or mono-unsaturated or polyunsaturated monovalent hydrocartoon 
radical having firom 2 up to 1 5 carbon atoms and including one or more heteroatoms in one or more 
heterocyclic rings, each of said rings having from 3 to 10 atoms (and optionally further including 
one or more heteroatoms attached to one or more cartron atoms of said ring, for instance in the 
fomi of a carbonyl or thiocartoonyl or selenocartjonyl group, and/or to one or more heteroatoms of 
said ring, for instance in the fonn of a sulfone. sulfoxide. N-oxide. phosphate, phosphonate or 
selenium oxide group), each of said heteroatoms being independently selected from the group 
consisting of nitrogen, oxygen, sulfur, selenium and phosphorus, also including radicals wherein a 
heterocyclic ring is fused to one or more aromatic hydrocarbon rings for instance in the form of 
benzo-fused. dibenzo-fused and naphto-fused heterocyclic radicals; within this definition are 
included heterocyclic radicals such as, but not limited to, diazepinyl, oxadlazinyl, thiadiazinyl, 
ditiiiazinyl. triazolonyl. diazepinonyl. triazepinyl, triazepinonyl. tetiazepinonyl, benzoquinolinyl, 
benzothiazinyl. benzothiazinonyl, benzoxathunyl. benzodioxinyl. benzodithiinyl, benzoxazepinyl. 
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benzothiazepinyl, benzodiazepinyl, benzodioxepinyi, benzodithiepinyl, benzoxazodnyl, 
benzothiazocinyl, benzodiazocinyl. benzoxathiocinyl, benzo-dioxodnyl, benzotrioxefiMnyl, 
benzoxathiazepinyl. benzoxadiazepinyl, benzothiadiazeplnyl, benzotriazepinyi, benzoxathlepinyl, 
benzotriazinonyl, benzoxazolinonyl, azetidinonyl, azaspiroundecyl, dithiaspirodecyl, selenazinyl, 
5 selenazolyl, selenophenyl. hypoxanthinyl, azahypoxanthinyf, bipyrazinyl, bipyridinyl, oxazolidinyl, 
diselenopyrimidinyl, benzodioxocinyl, benzopyrenyl, benzopyranonyl, benzophenazlnyl, 
benzoquinolizinyl, dibenzocarbazolyl, dibenzoacridinyl, dibenzophenazinyl, dibenzothiepinyl, 
dibenzooxepinyl, dibenzopyranonyl, dibenzoquinoxalinyl. dibenzothiazepinyl, dibenzoisoquinolinyl, 
tetraazaadamantyl, thiatetraazaadamantyl, oxauracil, oxazinyl, dibenzothiophenyl. dibenzofuranyl, 

10 oxazolinyl, oxazolonyl, azaindolyl, azolonyl, thiazolinyl, thiazolonyl, thiazolidinyl. th'iazanyl. 
pyrimidonyl, thiopyrimidonyl, thiamorphoiinyl, aziaclonyl. naphtindazolyl, naphtindolyl, 
naphtothiazolyl, naphtothioxolyl, naphtoxindolyl, naphtotriazoly!, naphtopyranyl, oxabicycloheptyl, 
azabenzimidazolyl, azapydoheptyl, azacydooctyl, azacydononyl, azabicydononyl, tetrahydrofuryl, 
tetrahydropyranyl, tetrahydropyronyl. tetrahydroquinoleinyl, tetrahydrothienyl and dioxide thereof, 

15 dihydrothienyl dioxide, dioxindolyl, dioxinyl, dioxenyl, dioxazinyl, thioxanyl, thioxolyl, thiourazolyl, 
thiotriazolyl, thiopyrany!, thiopyronyl, coumarinyl. quinolelnyl, oxyqulnoleinyl, quinudidinyl, 
xanthinyl, dihydropyranyl, benzodihydrofuryl, benzothiopyronyl, benzothiopyranyl, benzoxazinyl, 
benzoxazolyl, benzodioxolyl, benzodioxanyl, benzothiadiazolyl, benzotriazinyl, benzothiazolyl, 
benzoxazolyl, phenothloxinyl, phenothiazolyl, phenothienyl (benzothiofuranyl), phenopyronyl, 

20 phenoxazoly!, pyridinyl, dihydropyridinyl, tetrahydropyridlnyl, piperidinyl, morpholinyl. 
thiomorpholinyl. pyrazinyl, pyrimidinyl, pyridazinyl. triazinyl, tetrazinyf, triazolyl, benzotriazolyl, 
tetrazolyl. imidazolyl, pyrazolyl. thiazolyl, thiadiazolyl, isothiazolyl, oxazolyl, oxadiazolyl. pyrrolyl. 
furyl, dihydrofuryl, fiiroyl, hydantoinyl, dioxolanyl, dioxolyl, dithianyl, dithienyl. dithiinyK thienyl, 
indoiyi, indazolyh indolinyl, indolizidinyl, benzofuryl, quinolyl, qulnazolinyl, quinoxalinyl, carbazolyl, 

25 phenoxazinyl. phenothiazinyl, xanthenyi, purinyl, benzothienyl, naphtothienyl, thianthrenyl, pyranyi, 
pyronyl, benzopyronyl, isobenzofuranyl, chromenyl. phenoxathtinyl, indolizinyl, quinolizinyl, 
isoquinolyl, phthalazinyl. naphthlridinyl, dnnolinyl, pteridlnyl, carbolinyl, acridlnyl, perimidinyl, 
phenanthrolinyl. phenazinyl, phenothiazinyl, imidazolinyi, imidazolidinyl, benzimidazolyl, 
pyrazolinyl, pyrazolidinyl, pyrrolinyl, pyrrolidinyl, piperazinyl, uridinyl. thymidinyl, cytidinyl. azirinyl, 

30 aziridinyl, diazirinyl. diaziridinyl, oxiranyl, oxaziridinyl, dioxiranyl, thilranyl, azetyl, dihydroazetyl, 
azetidinyl, oxetyl, oxetanyl, oxetanonyl, homopiperazj'nyl, homopiperidinyl. thietyl, thietanyl, 
diazabicydooctyl, diazetyi, diaziridinonyl, diaziridinethionyl, chromanyl, diromanonyl, 
thiochromanyl, thiodiromanonyl, thiochromenyi, benzofuranyl, benzisothiazolyl, benzocarbazolyl, 
benzochromonyl, benzisoalloxazinyl, benzocoumarinyl, thiocouman'nyl, phenometoxazinyl, 

35 phenoparoxazinyl, phentriazinyl, thiodiazinyl, thiodiazolyl, indoxyl, thioindoxyl, benzodiazinyl (e.g. 
phtalazinyO. phtalldyl, pbtalimidinyl, phtalazonyl, alloxazinyl, dibenzopyronyi (ue. xanthonyl), 
xanthionyl, isatyl, isopyrazolyl, tsopyrazolonyl, urazolyl, urazinyi, uretinyl, uretidinyl, succinyl, 
sucx^inimido, benzylsuttimyl, benzylsultamyl and the like, induding all possible isomeric forms 
thereof, wherein each carbon atom of said heterocydic ring may be independently substituted with 

40 a substituent selected from the group consisting of halogen, nitro, C1.7 alkyl (optionally containing 
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one or more funcOons or radicals selected from the group consisting of carbonyl (oxo), alcohol 
(hydroxyl), ether (aikoxy), acetal, amino, imino, oximino, alkyloximino, amino-acid, qfano, 
carboxylic acid ester or amide, nitro, thio C1.7 alkyl, thio C3.10 cydoaliq^, C1.7 alkylamino. 
cycloalkylamino, alkenylamino, cycloalkenylamino, alkynylamino, arylamino, arylalkylamino, 
5 hydroxylalkylamino, mercaptoalkylamino, heterocyclic amino, heterocyclic-substituted alkylamino, 
heterocyclic-substituted arylamino, hydrazine, alkylhydrazino, phenylhydrazino, sulfonyl, 
suifonamido and halogen), C2.7 alkenyl, C2-7 alkynyl, halo C^S7 alkyl, C3.10 cycloalkyl, aryl, arylalkyl, 
alkylaryl, alkylacyl, arylacyl, hydroxyl, amino, C^J7 alkylamino, cycloalkylamino, alkenylamino, cyclo- 
alkenylamino, alkynylamino, arylamino. arylalkylamino, hydroxyalkylamino, mercaptoalkylamino. 
10 heterocyclic amino, heterocydic-substituted alkylamino, heterocycllo-substituted arylamino, 
hydrazine, alkylhydrazino, phenylhydrazino, sulfhydryl, C1.7 alkoxy, C3.10 cycloalko^qf, aryloxy, 
arylalkyloxy. oxyheterocyclic. heterocydic-substituted alkyloxy, thio C1.7 alkyl. thio C3-10 cydoalkyi, 
thioaryl, thioheterocydlc. arylalkylthio, heterocydic-substituted alkytthio. fonmyl, hydroxylamino, 
cyano, carboxylic add or esters or thioesters or amides thereof, thiocarboxylic add or esters or 
15 thioesters or amides thereof; depending upon the number of unsaturations in the 3 to 10 
membered ring, heterocydic radicals may be sul>-divided into heteroaromatic (or " heteroaryl") 
radicals and non-aromatic heterocyclic radicals; when a heteroatom of the said non-aromatic 
heterocyclic radical Is nitrogen, the latter may be sul>stituted with a substituent seleded from the 
group consisting of C1.7 alkyl, C3.10 cydoalkyi. aryl, arylalkyl and alkylaryl. 
20 As used herein with respect to a substituting radical, ligand or group, and unless otherwise 

stated, the terms " C1.7 alkoxy " C2.7 alkenyloxy " C2-7 alkynyloxy "Cy.^o cydoalkOQr " 
aryloxy". "arylalkyloxy " oxyheterocydic "thio C1.7 alkyl". " thio C3-10 q/doalkyi", " arylthio " 
arylalkylthio " and " thioheterocydlc" refer to subst'ituents wherein a C1.7 alkyl, C2-7 alkenyl or C2-7 
alkynyl (optionally the carbon chain length of such groups may be extended to 20 carbon atoms), 
25 respectively a C3.10 cydoalkyi. aryl, arylalkyl or heterocydic radical (each of them such as defined 
herein), are attached to an oxygen atom or a divalent sulfur atom through a single bond, such as 
but not limited to methoxy. ethoxy, propoxy, butoxy, pentoxy. isopropoxy, sec-butoxy, tert-butoxy. 
isopentoxy. cydopropyloxy, cydobutyloxy, cydopentyloxy, thiomelhyl, thioethyl, thiopropyl, 
thiobutyl, thiopentyl, thiocydopropyl, thiocydobutyl. thiocyclopentyl, thiophenyl, phenyloxy. 
30 l)enzyloxy. mercaptobenzyl, cresoxy and the like. 

As used herein with respect to a substituting atom or ligand, the term halogen means any 
atom selected from the group consisting of fluorine, chlorine, bromine and iodine. 

As used herein with respect to a substituting radical or group, and unless otherwise stated, 
the term " halo C1.7 alkyl " means a C1.7 alkyl radical (such as above defined, i.e. optionally the 
35 carbon chain length of such group may be extended to 20 carbon atoms) in which one or more 
hydrogen atoms are independently replaced by one or more halogens (preferably fluorine, chlorine 
or bromine), such as but not limited to difluoromethyl. trifluoromethyl, trifluoroethyl, 
octafluoropentyl. dodecafluoroheptyl, dichloromethyl and the like. 

As used herein with respect to a substituting radical, ligand or group, and unless otherwise 
40 stated, the term " C2.7 alkenyl " means a straight or branched acydic hydrocarbon monovalent 
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radical having one or more ethylenlcal unsaturations and having from 2 to 7 cart)on atoms such as. 
for example, vinyl. 1-propenyl. 2-propenyl (allyO. l-butenyl, 2-butenyl. 2-pentenyl. 3-pentenyl. 3^ 
methyl-2-butenyl. 3-hexenyl. 2-hexenyI. 2-heptenyl. 1 .3-butadienyl. pentadienyl. hexadlenyl. 
heptadienyl. heptatrienyl and the like, including all possible Isomers thereof; optionally the carbon 
chain length of such group may be extended to 20 carbon atoms. 

As used herein with respect to a substituting radical, ligand or group, and unless otherwise 
stated, the tenn " C3.10 cycloallcenyl " means a monocyclic mono- or polyunsaturated hydrocarbon 
monovalent radical having from 3 to 8 carbon atoms, such as for instance cyclopropenyl, 
cydobutenyl. cyclopentenyl. cyclopentadienyl. cyclohexenyl. cyclohexadienyl. cydoheptenyl, 
cycloheptadienyl. cydoheptatrienyl. cydooctenyl. cydooctadienyi. cydooctatrienyi, 1.3,5,7- 
cydoodatetraenyl and the like, or a C7.10 polycydic mono- or polyunsaturated hydrocaribon 
monovalent radical having finom 7 to 10 carbon atoms such as dicydopentadienyl. fenchenyl 
Onduding all isomers thereof, such as a-pinolenyl). bicydo[2.2.11hept-2-enyl (norbomenyO. 
bicydo[2.2.1]hepta-2.5-dienyl (norbomadienyl). cydofenchenyl and the like. 

As used herein with respect to a substituting radical, ligand or group, the term " C2-7 alkynyl 
" defines straight and branched chain hydrocarton radicals containing one or more triple bonds 
(i.e. acetylenic unsaturation) and optionally at least one double bond and having from 2 to 7 carton 
atoms such as. for example, acetylenyl. 1-propynyl, 2-propynyl. 1-butynyl, 2-butynyl. 2-pentynyl. 1- 
pentynyl. 3-methyl-2-butynyi. 3-hexynyl. 2-hexynyl. 1-penten-4-ynyl. 3-penten-1-ynyl, 1 ,3-hexadien- 
1-ynyl and the like, induding all possible isomers thereof; optionally the carton chain length of such 
group may be extended to 20 carbon atoms. 

As used herein, and unless otherwise stated, the temis " arylalkyi ", " aryialkenyl " and 
"heterocydic-substituted alkyi" refer to an aliphatic saturated or ethylenically unsaturated 
hydrocarbon monovalent radical (preferably a C1.7 alkyI or C2-7 alkenyl radical such as defined 
above. i.e. opOonally the carton chain length of such group may be extended to 20 carton atoms) 
onto which an aryl or heterocydic radical (such as defined above) is already bonded, and wherein 
the said aliphatic radical and/or the said aryl or heterocydic radical may be optionally substituted 
with one or more substituents independently seleded from the group consisUng of halogen, amino, 
hydroxyi, sulfhydryl. C1.7 alkyI, trifluoromethyl and nitro, such as but not limited to benzyl. 4- 
chlorobenzyl. 4-fluorobenzyl. 2-fluoroben2yl. 3.4-dichlorobenzyl. 2.6-dichlorobenzyl. 3- 
methylbenzyl. 4-methylbenzyl. 4-fer-butyIbenzyl, phenylpropyl. 1-naphthylmethyi, phenylethyl. 1- 
amino-2-phenylethyl. 1-amino-2-[4-hydroxyphenyl]ethyl. 1-amino-2-(indol-2-yl]ethyl. styryl. 
pyridylmethyl. pyrfdylethyl. 2-(2-pyridyl)isopropyl. oxazolylbutyl. 2-thienylmethyl. pyirolylethyl. 
morpholinylethyl. imidazoH-yl-ethyl. benzodioxolylmethyl and 2-furylmethyl. 

As used herein, and unless othenwise stated, the terms " alkylcydoalkyi ". " alkenyl 
(hetero)aryl ". " alkyl(hetero)aryl - . and " alkyl-substituted heterocydic " refer respectively to an 
aryl. heteroaryl. cydoalkyi or heterocydic radical (such as defined above) onto which are already 
bonded one or more aliphatic saturated or unsaturated hydrocarton monovalent radicals, 
preferably one or more C1.7 alkyl. C2.7 alkenyl or Ca-io cydoalkyi radicals as defined above, such as. 
but not limited to. o-toluyl. m4oluyl. p-toluyl. 2.3.xylyl. 2.4-xylyl. 3.4-xylyl. o-cumenyl. m-cumenyl. p- 
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cumenyl, o-cymenyl, m-cymenyl, p-cymenyl, mesityl, fer-butylphenyl, lutidinyl O e. dimethylpyridyl), 
2-methylaziridinyl, methylbenzimidazolyl, methylbenzofuranyl, methylbenzothiazolyl, methylbenzo- 
triazolyl, methylbenzoxazolyl, methylQfclohexyl and menthyl. 

As used herein with respect to a substituting radical, and unless otherwise stated, the term 

5 " alkoxyaryi " refers to an aryl radical (such as defined above) onto which is (are) bonded one or 
more C1-7 alkoxy radicals as defined above, preferably one or more methoxy radicals, such as, but 
not limited to, 2-methoxyphenyl, 3-methoxyphenyl, 4-methoxyphenyl, 3,4-dimethoxyphenyl. 2,4,6- 
trimethoxyphenyl. methoxynaphtyl and the like. 

As used herein, and unless otherwise stated, the tenms " alkylamino " cydoalkylamino 

10 " alkenylamino " cydoalkenylamino " , " arylamlno " arylalkylamino " heterocyclic- 
substituted alkylamino " heterocydlc-substituted arylamino " heterocyclic amino " , " 
hydroxyalkylamino " mercaploalkylamino " and " alkynylamino " mean that respectively one 
(thus monosubstituted amino) or even two (thus disubstituted amino) C1-7 alkyi, C3.10 cycloalkyi, C2-7 
alkenyl. C3.10 cydoalkenyl, aryl, arylalkyi, heterocydic-substituted alkyl, heterocyclic-substituted 

15 aryl, heterocyclic (provided in this case the nitrogen atom is attached to a carbon atom of the 
heterocyclic ring), mono- or polyhydroxy Cv? alkyl, mono- or polymercapto alkyl or C2-7 alkynyl 
radicals) (each of them as defined herein, respectively) is/are attached to a nitrogen atom through 
a single bond, such as but not limited to. aniline, benzylamino, methylamino, dimethylamino. 
ethylamino, diethylamino. isopropylamino, propenylamino. n-butylamino, ter-butylamino, 

20 dibutylamino, morpholinoalkylamino, 4-morpholinoanirmo, hydroxymethytamino, p- 
hydroxyethylamino and ethynylamino; this definition also indudes mixed disubstituted amino 
radicals wherein the nitrogen atom is attached to two such radicals belonging to two different sub- 
set of radicals, e.g. an alkyl radical and an alkenyi radical, or to two different radicals within the 
same sub-set of radicals, e.g. methylethylamino; among disubstituted amino radicals, symetrically 

25 substituted are usually preferred and more easily accessible. 

As used herein, and unless othenvise stated, the terms "(thio)carboxylic add (thio)ester " 
and " (thio)carboxylic add (thio)amide " refer to substituents wherein the carboxyl or thiocarboxyl 
group is bonded to the hydrocartonyl residue of an alcohol, a thiol, a polyol, a phenol, a thiophenol. 
a primary or secondary amine, a polyamine, an amino-alcohol or ammonia, the said hydrocarbonyl 

30 residue being seleded from the group consisting of C1-7 alkyl, C2.7 alkenyl. C2.7 alkynyl, C3-10 
cycloalkyi. C3.10 cydoalkenyl. aryl. arylalkyi. alkylaryl, alkylamino, cydoalkylamino, alkenylamino, 
cydoalkenylamino, arylamino, arylalkylamino, heterocydic amino, heterocydic-substituted 
alkylamino, heterocyclic-substituted arylamino, hydroxyalkylamino, mercapto-alkylamino or 
alkynylamino (each such as above defined, respedn^ely). 

35 As used herein with respect to a metal ligand, the Xerms alkylammonium and aryl- 

ammonium mean a tetra-coordinated nitrogen atom being linked to one or more C1-7 alkyl, C3-10 
cydoalkyi, aryl or heteroaryl groups, each such as above defined, respectively. 

As used herein with respect to a metal ligand, and unless otherwise stated, the term "Schiff 
base " convenfionally refers to the presence of an imino group (usually resulting from the reaction 

40 of a primary amine with an aldehyde or a ketone) in the said ligand. preferably being part of a 
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multidentate iigand (such as defined in http7/www.ilpi.com/organomet/coortlnum.htrnl) which may 
be coordinated to the metal, in addition to the nitrogen atom of said imino group, through at least 
one further heteroatom selected from the group consisting of oxygen, sulfur, selenium, nitrogen, 
phosphorus, arsenic and antimony. The said multidentate Iigand may be for instance, but without 
limitation, selected from the group consisting of: 

- a N.O-bidentate Schiff base iigand such as a lumazine or substituted lumazine or 2-(2- 
hydroxyphenyQbenzoxazole or (2'-hydroxyphenyl)-2-thiazollne; 

- a N.S-bidentate Schiff base Iigand such as a thiolumazine or substituted thiolumazine; 

- a N.N-bidentate or N.O-bidentate or N.S-bidentate Iigand being a salicylaldlmine such as the 
reacUon product of an optionally substituted salicylaldehyde (such as, but not limited to, tert- 
butyl-salicylaldehyde. 6-phenyl-salicylaldehyde. 2-(9-phenanthrene) salicylaldehyde, 2.(9- 
anthracene) salicylaldehyde. 4-methoxysalicylaldehyde. 4-nitro-salicylaldehyde. 4.6-dichloro- 
salicylaldehyde. p4rifluoromethyl-salicylaldehyde. S.S-dinltro-salicylaldehyde. 2- 
hydroxynaphthaldehyde. and nitration products thereoO with a primary amine, preferably an 
arylamine (more preferably an arylamine having one or more bulky substltuents such as. but 
not limited to, 2.6-dlisopropylaniline. 2.6-dllsopropyl-4-nitroaniline. biphenylamine. 
terphenylamine. anthracenylamine, phenanthracenylamine. 2.6-dimethylphenyl. 2.6- 
diethyianiline. 4-methylaniline. 2-isopropyl-6-methy!aniline, 2,4,6-trimethylaniline. 2-teAf- 
butylaniline. 2-ferf-butyl-6-methylanillne, and 10-nitroanthracenylamine) as shown in fonnula 
(VI) of figure 6 (wherein A is selected from the group consisting of oxygen, sulfur and nitrogen; 
R is selected from the group consisting of hydrogen. C1.7 alkyi and aryl. provided that R 
represents at least one hydrogen atom and z is 1 when A is oxygen or sulfur or z is 2 when A is 
nitrogen; R^ Is selected from the group consisting of C,.7 alkyl. aryl. arylalkyl. siloxyl. 
alkyloxyalkyl. aiyloxyalkyl, aryloxyaryl and alkyloxyaiyl; is selected from the group 
consisUng of hydrogen. C1.7 alkyl. aryl and halogen; R^ is hydrt)gen; R^* is selected from the 
group consisting of hydrogen. C1.7 alkyl and aryl; and R= is selected from the group consisUng 
of C1.7 alkyl. C3.10 cycloalkyl. aryl. alkyloxyalkyl. aryloxyalkyl. aryloxyaryl and alkyloxyaryO. a 
representative example of these ligands being 2.3-dihydroxy-1-(2,6-diisopropyObenzaldimine; 

- a N.N-bidentate Iigand such as a bis(oxazoline). a 2.2'-bipyridine, a 2,2"-bipyridyliminato, a 2.2'- 
biimidazole. a 1,10-phenanthroline. a 1 ,4-benzoquinonediimine. a N,N'-dl(C3.io cycloalkyl)-1 ,4- 
diazabutadiene On particular N.N'-dicyclohexyl-1,4-diazabutadiene and N,N'-diadamantyl-1,4- 
diazabutadiene), a N.N'-diaryl-1.4-diazabutadiene (in particular N.N'-dimesityH ,4- 
diazabutadiene. N.N'-dixylyl-1 .4-diazabutadiene and N.N'-diI(2.6-diisopropyl)phenyl].1.4. 
diazaButadiene). a Schiff base Iigand such as may be obtained for instance through the 
condensation of 1.3-dlaminopropane and pyiT0le-2-cart)oxaldehyde. a pyrrolaldlmine such as 
the reaction product of an optionally substituted pyrrole-2-cail)oxaldehyde with a primary 
preferably aromatic amine (more preferably an arylamine having one or more bulky 
substltuents such as. but not limited to, 2.6-diisopropylaninne. 2.6-diisopropyl-4-nitroanlline. 
biphenylamine. terphenylamine. anthracenylamine. phenanthracenylamine. 2,6- 
dimethylphenyl. 2.6-diethylaniline. 4-methylannine, 2-isopropyl-6-methylaniline. 2.4,6- 
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trimethylaniline, 2-fert-butylaniline, 2-fe/f-bijtyl-6-methylaniline, and 10-nitroanthracenylamIne) 
as shown in formula (V) of figure 6 (wherein is selected from the group consisting of C1.7 
allcyl, aryl, arylalkyi, siloxyl, nitro, sulfonate, halogen, alkyioxyallcyl, aryloxyalkyi, aryloxyaryl 
and alkyloxyaryl; is selected from the group consisting of hydrogen, C1.7 allcyl, aryl and 
5 halogen; R^ is hydrogen; R^ is selected fronri the group consisting of hydrogen, C1.7 alkyi and 

aryl; and R^ is selected from the group consisting of C1-7 alkyI, C3-10 cydoalkyl and aryO; 
a N,P-bldentate Schiff base ligand such as a phosphino-oxazoline; 

a N.Z-bidentate Schiff base ligand such as shown in figure 1 , wherein Z is or includes an atom 
selected from the group consisting of oxygen, sulfur, selenium, nitrogen, phosphorus, arsenic 
10 and antimony; it may be advantageous for the said bidentate Schiff base ligand to further 

include a carbon-carbon double bond conjugated with the carbon-nitrogen double bond of the 
imino group, for instance as shown in figure 1 ; 

- a N.N.O- tridentate Schiff base ligand such as derived from &-amino-5-formyl-1 ,3-dimethyluracil 
and semicarbazide or acetylhydrazine or benzoylhydrazine, or such as derived from 7-fomiyl-8- 

15 hydroxyquinoline(oxine) and 2-aminophenol or 2-aminopyr1dine; 

- a 0,N,0-tr1dentate Schiff base ligand such as 6-amino-5-fomiyl-1,3-dimethyluracil-benzoyl- 
hydrazone, or such as the reaction product of a hydroxyaldehyde with an aminoalcohol shown 
in fomiula (IV) of figure 5 (wherein Ri may be selected from the group consisting of hydrogen, 
halogen, C1.7 alkyi, C3.10 cydoalkyl. C1.7 alkoxy and arylalkyi; R2 may be selected from the 

20 group consisting of hydrogen, halogen, nitro. C1.7 alkyI, aryl and arylalkyi; R3 may be hydrogen 

or aryl; R4 may be selected from the group consisting of hydrogen, C1-7 alkyl and aryl; and R5 
may be selected from the group consisting of hydrogen, aryl and alkylaryl), or A/-(2- 
methoxyphenyl) salicylideneamine, or salicylaldehyde-2-hydroxanil, or the heterocydic Schiff 
base resulting from the reaction of 1-amino-5-benzoyl-4-phenyH H pyrimidin-2-one with 2- 

25 hydroxynaphtaldehyde, or the thenoyitrifluoroaceto antipyrine Schiff base resulting from the 

reaction of thenoyl-trifluoroacetone with 4-aminoantipyrine; 

- a O.N,S-tridentate Schiff base ligand such as salicylaldehyde-2-mercaptoanil, S-benzyl-2-[(2- 
hydroxyphenyl)methylene]dithiocarbazate or 2-[(2-hydroxyphenyOmethyiene]-W-phenylhydra- 
zinecarbothioamide; 

30 - a N.N.S-tridentate Schiff base ligand such as 6-amino-5-fomiyl-1,3-dimethyluracilthio- 
semicarbazonate; 

- a N.N.N-tridentate Schiff base ligand such as a pyridine bisoxazoline or 2-[(2- 
aminoethylimino)(phenyl)methyl]pyridine or tris(pyrazolyl)borate or as resulting from the 
reaction of 2-amlno-1,3,4-thiadiazole with pyrrole-2-carboxaldehyde; and 

35 - a N,N,P-tridentate Schiff base ligand such as a phosphino-2-oxazolinylquinoline. 

By extension, the term " Schiff base " as used herein also refers to Schiff base ligands with 
thioether or coumarin groups. The multidentate ligand may indude more than one Schiff base, for 
instance as shown In figures 2 and 3, thus possibly resulting in 0,N,N,0-tetradentate or 0,N,N,N- 
tetradentate or N,N,N,N-tetradentate Schiff base ligands. 
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As used herein, the terms " constraint steric hindrance " relates to a group or ligand, 
usually a branched or substituted group or ligand, whidi is constrained in its movements, i.e. a 
group the size of which produces a molecular distortion (either an angular distortion or a 
lengthening of bonds) being measurable by X-ray diffraction. 

5 As used herein and unless otherwise stated, the term " stereoisomer " refers to all possible 

different isomeric as well as confomiational fomis which the compounds of the invention may 
possess, In particular all possible stereochemically and confomnationally isomeric forms, ail 
diastereomers, enantiomers and/or conformers of the basic molecular structure. Some compounds 
of the present invention may exist in different tautomeric fomis, all of the latter being included 

10 within the scope of the present invention. 

As used herein and unless otherwise stated, the temi " enantiomer " means each individual 
optically active fonm of a compound of the invention, having an optical purity or enantiomeric 
excess (as determined by methods standard in the art) of at least 80% Q.e. at least 90% of one 
enantiomer and at most 10% of the other enantiomer), preferably at least 90% and more preferably 

15 at least 98%. 

As used herein and unless otherwise stated, the tenri " solvate " includes any combination 
which may be fomied by a compound of this invention with a suitable inorganic solvent (e.g. 
hydrates formed with water) or organic solvent, such as but not limited to alcohols (in particular 
ethanol and Isopropanol), ketones (in particular methylethylketone and methylisobutylketone), 
20 esters (in particular ethyl acetate) and the like. 



DETAILED DESCRIPTION OF THE INVENTION 

In a first aspect, the present invention relates to an at least tetra-coordinated metal complex, a 
salt, a solvate or an enantiomer thereof, comprising: 
25 - a multidentate ligand being coordinated with the metal by means of a nitrogen atom and at 

least one heteroatom selected from the group consisting of oxygen, sulphur, selenium, 
nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 
arsenic and antimony is substituted with a radical R"" selected from the group consisting of 
hydrogen, C1.7 alkyi, C3-10 cydoalkyi, aryl and heteroaryl; 
30 - a non-anionic unsaturated ligand selected from the group consisting of aromatic and 

unsaturated cycloaliphatic groups, preferably aryl, heteroaryl and C4.20 cycloalkenyl groups, 
the said aromatic or unsaturated cycloaliphatic group being optionally substituted with one 
or more C1.7 alkyI groups or with electron-withdrawing groups such as, but not limited to, 
halogen, nitro, cyano, (thio)carboxylic acid, (thio)cartx>xylic acid (thio)ester, (thio)carbo^lic 
35 acid (thio)amide, (thio)carboxylic add anhydride and ^hio) carboxylic add halide; and 

- a non-anionic ligand selected from the group consisting of C1.7 alkyI, C3.10 cycioalkyi, 
aryl, arylalkyi, alkylaryl and heterocydic, the said group t>eing optionally substituted with 
one or more preferably electron-withdrawing substituents such as, but not limited to, 
halogen, nitro, cyano, (thio)cartx>xyfic add, (thio)cart>oxylic add (thio)ester. (thio)carbo^Iic 
40 acid (thio)amide, (thio)carboxyiic add anhydride and (thio) carboxylic add halide. 
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In this first aspect of the invention, the multidentate ligand is preferably a muKidentate 
Schiff base such as above defined, more preferably a N,0-bidentate Schiff base ligand or N,S- 
bidentate Schiff base ligand, most preferably a bidentate Schiff base ligand as shown in fonnulae 
(lA) or (IB) in figure 1 and described in more detail hereinafter, or as shown in the above described 
5 formulae (V) or (VI) in figure 6, In which case the metal complex is tetra-cooidinated. The 
multidentate ligand may also be a tridentate Schiff base, in which case the metal complex is penta- 
coordinated. 

The at least tetra-coordinated metal complex according to this first aspect of the invention 
preferably is a monometallic complex. Preferably the metal is a transition metal selected from the 

10 group consisting of groups 4, 5. 6, 7, 8, 9, 10. 11 and 12 of the Periodic Table. More preferably the 
said metal is selected from the group consisting of iridium, ruthenium, osmium, iron, molybdenum, 
tungsten, titanium, rhenium, technetium, lanthanum, copper, chromium, manganese, palladium, 
platinum, rhodium, vanadium, zinc, cadmium, mercury, gold, silver, nickel and cobalt. 

Each of the metal, the radical R"", the ligand and the ligand may, independently from 

15 each other, be any of the above-mentioned metals or any of the above-mentioned groups with any 
of the substituents listed for such groups, including any of the individual meanings for such groups 
or substituents which are listed in the definitions given hereinabove. Preferably the non-anionic 
ligand has constraint steric hindrance such as, but not limited to. tert-butyl, neopentyl and mono- 
or polysubstituted phenyl, e.g. pentafluorophenyl. may also be a linear alkyi such as 

20 methyl, or phenyl. Preferably the substituting radical R"" also has constraint steric hindrance such 
as, but not limited to, tert-butyt, neopentyl and mono- or polysubstituted phenyl, e.g. 2,6- 
diisopropylphenyl, 2,6-ditert-butylphenyl or 2,6-diisopropyl-4-bromophenyl. Preferably the non- 
anionic unsaturated ligand also has constraint steric hindrance (such as, but not limited to, 
alkylaryl and alkylheteroaryl, e.g. xylyl, cumenyi ormesityl). 

25 The at least tetra-coordinated metal complex according to this first aspect of the invention may 

for instance, but without limitation, be made according to the following procedure: a metal (e.g. 
thallium) salt of the multWentate ligand (e.g. the bidentate or tridentate Schiff base) is first reacted 
with a preferably bimetallic metal complex of the desired metal, more preferably a homobimetallic 
complex wherein the desired metal is coordinated with a non-anionic unsaturated ligand and at 

30 least one anionic ligand, such as [RuCl2(p-cymene)]2, [RuCl2(COD)]2 or [RuCl2(NBD)]2, wherein 
COD and NBD respectively mean cydooctadiene and norbomadiene. After removal of the metal 
salt fonmed with the anionic ligand, e.g. thallium chloride, the intermediate complex produced, i.e. a 
complex wherein the desired metal is coordinated with a non-anionic unsaturated ligand l\ the 
multidentate ligand (e.g. the bidentate or tridentate Schiff base) and an anionic ligand, is reacted 

35 with a combination of the non-anionic Hgand and an alcali or alcaline-earth metal, e.g. a C1.7 
alkyilrthium, a C1.7 alkylsodium, phenyllithium, or a Grignard reagent such as phenylmagnesium 
chloride, phenylmagnesium bromide or pentafluorophenylmagnesium chloride. Recovery of the 
desired at least tetra-coordinated metal complex of the invention is achieved by removal of the 
alcali or alcaline-earth metal salt fomied with the anionic ligand, followed by purification using 



wo 2005/035121 



PCT/BE2004/000146 



17 

.conventional techniques. High yields of the pure at least tetra-coordinated metal complex of the 
invention may thus be achieved in a simple two-steps method. 

. In a second aspect, the present invention relates to a hexa-coordinated metal complex, a salt, 
a solvate or an enantiomer thereof, comprising: 
5 - a multidentate ligand being coordinated with the metal by means of a nitrogen atom and at 

least one heteroatom selected from the group consisting of oxygen, sulphur, selenium, 
nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 
arsenic and antimony is substituted with a radical R"" selected from the group consisting of 
hydrogen, C1.7 alkyl, G3.10 cycloalkyi, aryl and heteroaryl; 
10 - at least one non-anionic bidentate ligand being different from the multidentate ligand; 

and 

at most two anionic iigands L"^. 
Said hexa-coordinated metal complex is preferably a bimetallic complex wherein each metal is 
hexa*coordinated. The two metals may be the same or different. Preferably each metal Is a 

15 transition metal selected from the group consisting of groups 4, 5, 6, 7, 8, 9, 10, 11 and 12 of the 
Periodic Table. More preferably each said metal is selected from the group consisting of iridium, 
ruthenium, osmium, iron, molybdenum, tungsten, titanium, rhenium, technetium, lanthanum, 
copper, chromium, manganese, palladium, platinum, rhodium, vanadium, zinc, cadmium, mercury, 
gold, silver, nickel and cobalt. 

20 The multidentate ligand is preferably defined as in the first aspect of the invention, i.e. 

preferably is a bidentate or tridentate Schiff base. Preferably the substituting radical R"" has 
constraint steric hindrance such as, but not limited to, tert-butyl, neopentyl and mono- or 
polysubstituted phenyl, e.g. 2,6-diisopropylphenyl, 2,6-ditert-butylphenyl or 2,6-dlisopropyl-4- 
bromophenyl. The non-anionic bidentate ligand is preferably a polyunsaturated C3.10 

25 cycloalkenyl group such as, but not limited to, nort>omddiene, cyclooctadiene, cydopentadiene, 
cyclohexadiene, cydoheptadiene or cycloheptatriene, or a heteroaryl group such as defined 
hereinabove, for instance (but without limitation) a 1-hetero-2,4-cyclopentadiene such as pyrrole, 
furan or throphene, or a fused-ring derivative thereof such as indole, or a six-membered 
heteroaromatic compound such as pyridine, pyridazine, pyrimidine, pyrazine, triazines or 

30 tetrazines, or a fused-ring derivative thereof such as quinoline, isoquinoline, dnnoline, phtalazine, 
quinazoline, quinoxaline, pyridopyrimidine or pteridine. Each anionic ligand is preferably selected 
from the group consisting of C1.20 carboxylate, C1-20 alkoxy, C2-20 alkenyloxy, C2-20 alkynyloxy, 
aryloxy, 0^20 alkoxycarbonyi, C1.7 aikylthio, C1.20 alkylsulfonyl, C1.20 alkylsuifinyl C1.20 alkylsulfonate, 
arylsulfonate, C1.20 alkylphosphonate, arylphosphonate, C1.20 alkylammonium, arylammonium, 

35 alkyldiketonate (e.g. acetyiacetonate), aryldiketonate, halogen, nitro and cyano, each of the said 
groups being as defined above. When said hexa-coordinated metal complex is monometallic, it 
preferably has only one anionic ligand L'^. 

The hexa-coordinated metal complex according to this second aspect of the invention may for 
instance, but without limitation, be made in high yield and purity in a one-step procedure, wherein a 

40 metal (e.g. thallium) salt of the multidentate ligand (e.g. the bidentate or tridentate Schiff base) is 
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reacted with a preferably bimetallic metal complex of the desired metal, more preferably a 
homobimetallic complex wherein the desired metal is coordinated with a non-anionic bidentate 
ligand and at least one anionic ligand, such as [RuCl2L^2> e.g- [RuCl2(COD)]2 or [RuCl2(NBD)]2, 
wherein COD and NBD respectively mean cydooctadiene and norbomadiene. After removal of the 
5 metal salt formed with the anionic ligand, e.g. thallium chloride, the desired hexa-coordinated metal 
complex may be purified using conventional techniques. 

In a specific embodiment which is useful namely when the metal complex of this second aspect 
of the invention is to be used in the presence of water, it may be advantageous when one or more 
anionic ligands L"* of said hexa-coordinated metal complex is (are) abstracted and replaced with a 

10 solvent S as a ligand. This anionic ligand at>straction and replacement may be effected for instance 
by treating, in the presence of the solvent S, the hexa-coordinated metal complex of this second 
aspect of the invention with an equivalent amount of a compound having the fonmula A-E, wherein 
E is a trimethylsiiyi group or a metal such as silver, thus resulting in a modified hexa-coordinated 
metal complex being a cationic species having the solvent S as a ligand On fAace of and being 

15 associated with an anion A. The treatment also results in the formation of a compound L^E (e.g. 
silver chloride or chlorotrimethylsilane) which can be removed from the reaction mixture by 
conventional techniques. Suitable anions A for this purpose may be, but without limitation, selected 
from the group consisting of hexafluorophosphate. hexafluoroantimoniate, hexafluoroarseniate. 
perchlorate, tetrafluoroborate, tetra(pentafluorophenyl)borate, alkylsulfonates wherein the alkyl 

20 group may be sut)stituted with one or more halogen atoms, and arylsulfonates (e.g. 
toluenesulfonate). Suitable solvents S for coordinating with the metal in such a cationic species 
may be selected from the group consisting of protic solvents, polar aprotic solvents and non-polar 
solvents such as aromatic hydrocarbons, chlorinated hydrocart>ons, ethers, aliphatic hydrocartx)ns, 
alcohols, esters, ketones, amides, and water. 

25 In another specific embodiment, both the at least tetra-coordinated metal complex of the first 

aspect of the invention and the hexa-coordinated metal complex of the second aspect of the 
invention may have, as a multidentate ligand, a bidentate Schrff base having the above described 
fonnulae (V) or (VO shown in figure 6, or one of the general formulae OA) or (IB) refemed to in 
figure 1 , wherein: 

30 - Z is selected from the group consisting of oxygen, sulphur, selenium, NR"", PR"". AsR"" 

and SbR"", wherein R"" is a radical selected from the group consisting of hydrogen, C1-7 
alkyl. C3.10 cydoalkyl. aryl and heteroaryl; 

R" and R"' are each a radical independently selected from the group consisting of 
hydrogen, Ci^ alkyl, cydoalkyl. aryl and heteroaryl, or R" and R'" together fonm an aryl 
35 or heteroaryl radical, each said radical being optionally sut>stituted with one or more, 

preferably 1 to 3, sut>stituents R5 each independently selected from the group consisting of 
halogen atoms, C1.7 alkyl, C1.7 alkoxy, aryl, aikyisulfonate, arylsulfonate, alkylphosphonate, 
arylphosphonate, alkylammonium and arylammonium; and 

R' is either as defined for R" and R'" when included In a Schiff base having the general 
40 fonmula (lA) or, when induded in a Schiff base having the general fomiula (IB), is selected 



wo 2005/035121 



PCT/BE2004/000146 



19 

from the group consisting of C^y alkylene and C3.10 cycloalkylene, the said alkylene and 
cycloallcylene group being optionally substituted with one or more substituents R5. 
In this specific embodiment, preferably R" and R'" together fonn a phenyl group which may be 
substituted with one or more preferably branched alkyi groups such as isopropyl or tert-butyl. Also 
5 preferably, the sut)stituting radical R"" has constraint steric hindrance such as, but not limited to, 
tert-butyl. neopenty! and mono- or polysubstituted phenyl, e.g. 2,6-diisopropylphenyl, 2,6-ditert- 
butyiphenyl or 2,6-di!sopropyl-4-bromophenyl. The class of bidentate Schlff bases having the 
general fomiula (LA) is well known in the art arid may be made for instance by condensing a 
salicylaldehyde with a suitably substituted aniline. The class of bidentate Schiff bases having the 
10 general formula (IB) may be made for instance by condensing benzaldehyde with a suitably 
selected amino-alcohol such as o-hydroxyaniline (when Z Is oxygen), an amino-thiol (when Z is 
sulphur), a diamine, (when Z is NR""), an aminophosphine (when Z is PR""), an aminoarsine 
(when Z is AsR"") or an aminostilbine (when Z is SbR""). 

In a third aspect, this invention also provides a process for the radical polymerisation of a 
15 monomer in the presence, as a catalyst component, of a tetra-coordinated metal complex, a salt, a 
solvate or an enantiomer thereof, comprising: 
two anionic Hgands L°; 

a non-anionic unsaturated ligand selected from the group consisting of aromatic and 
unsaturated cycloallphatic groups, preferably aryt, heteroaryl and C4_2o cycloalkenyl groups, 

20 the said aromatic or unsaturated cycloaliphatic group being optionally sut)stituted with one 

or more C1.7 alkyI groups or with electron-withdrawing groups such as, but not limited to, 
halogen, nitro, cyano, (thio)carboxylic acid, (thio)carboxylic acid (thio)ester, (thio)carboxylic 
acid (thio)amide, (thio)carboxyiic acid anhydride and (thio) cartx>xylic acid halide; and 
a ligand U° being a saturated aliphatic monoamine selected from primary amines, 

25 secondary amines, cyclic secondary amines and tertiary amines, or a secondary or tertiary 

diamine. 

Within this third aspect of the invention, each anionic ligand is preferably selected from the 
group consisting of Cv2o carboxylate, C1.20 alkoxy, C2.20 alkenyloxy, C2-20 alkynyloxy, aryloxy. C1.20 
alkoxycarbonyl, C1.7 alkylthio, C1.20 alkylsulfonyl, Ci_2o alkylsulfinyl C1.20 alkylsulfonate, 

30 arylsulfonate, C1.20 alkylphosphonate, arylphosphonate, alkyldiketonate (e.g. acetyl-acetonate), 
aryldiketonate, halogen, nitro and cyano, each of the said groups being as defined hereinabove. 
Preferably the non-anionic unsaturated (igand has constraint steric hiridrance (such as, but not 
limited to, alkylaryl and alkylheteroaryl, e.g. xylyl, cumenyl or mesityl). 

The monoamine ligand U° may include one (primary amine), two (secondary amine) or even 

35 three (tertiary amine) saturated aliphatic groups such as C1.7 alkyI or C3.10 cycloalkyi (each of them 
as defined hereinabove, respectively) being attached to the nitrogen atom through a single bond or, 
in the case of aliphatic secondary amines, may be a saturated heterocyclic monoamine. Thus the 
ligand may be represented by the general formula NR17R18R19 wherein each of R17, Ris and R19 
is independently selected from the group consisting of hydrogen, C1.7 alkyI and C3.10 cycloalkyi, 

40 provided that at most two of R17, R^g and R19 are hydrogen, or two of them may together fonn a 
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saturated heterocyclic group preferably having from 5 to 7 carbon atoms. Illustrative examples 
Include, but are not limited to, methylamine, dimethylamine, ethyiamine, diethylamlne, 
isopropylamine. diisopropylamine. n-butylamine. isobutylamine, ter-butylamlne, dibutylamine. 
cyclopentyl-amine, dicyclopentylamine, cydohexylamine, dicydohexylamine, triethylamlne, 
5 triisopropylamine, tri-butylamine, methylethylamine, norbomylamme, adamantylamine, piperidine, 
1-ethylpiperidine and 1,4-diazabicyclo-[2.2.2]octane. Suitable diamines include N,N'-dimethyI- 
ethylenediamine and N,N,N',N'-tetramethylethylenediam}ne. 

Within this third aspect of the invention, the tetra-coordinated metal complex used is preferably 
a monometallic complex wherein the metal is a transition metal selected from the group consisting 

10 of groups 4, 5. 6. 7, 8, 9, 10. 11 and 12 of the Periodic Table. More preferably the said metal is 
selected from the group consisting of iridium, ruthenium, osmium, iron, molybdenum, tungsten, 
titanium, rhenium, technetium, lanthanum, copper, chromium, manganese, palladium, platinum, 
rhodium, vanadium, zinc, cadmium, mercury, gold, silver, nickel and cobalt. 

Within this third aspect of the invention, each of the metal, the anionic ligands L®, the non- 
15 anionic ligand and the ligand may, Independently from each other, be any of the above- 
mentioned metals or any of the above-mentioned groups with any of the substituents listed for such 
groups, including any of the individual meanings for such groups or substituents which are listed in 
the definitions given hereinabove. 

The tetra-coordinated metal complex used within this third aspect of the invention may be 

20 prepared, by similarity with a procedure described by Carter et al. in Polyhedron (1993) 12:1123, 
by reacting two equivalents of the saturated monoamine L^^ with one equivalent of a proferably 
bimetallic metal complex of the desired metal, more preferably a homobimetallic complex wherein 
the desired metal is coordinated with a non-anionic unsaturated ligand L® and two anionic ligands 
L®, such as <when the metal is ruthenium) [RuCl2(p<jymene)l2, [RuCl2(COD)l2 or [RuCl2(NBD)]2, 

25 wherein COD and NBD respectively mean cydooctadiene and norlsomadiene. 

The radical polymerisation process of this third aspect of the invention Is a living atom transfer 
radical polymerisation which is operated under the conditions (including concentration of growing 
radicals, initiator, solvent, temperature and the like) and is applicable to the monomers indicated 
below with respect to the sixth aspect of the invention. Unexpectedly, this radical polymerisation 

30 process proceeds at an enhanced rate when compared to the polymerisation of the same 
monomer under the same conditions in the combined presence of a chlorotriphenylphosphino 
ruthenium complex and of a primary, secondary, cyclic secondary or tertiary amine additive, as 
described by Hamasaki et al. in Macromolecules (2002) 35:2934-2940. 

In a fourth aspect, the present invention provides a catalytic system comprising: 

35 (a) as the main catalytic species, the hexa-coondinated metal complex of the second aspect of the 
invention (including the modified catlonic spedes thereof having a solvent S as a ligand), or the 
tetra-coordinated metal complex used in the third aspect of the invention, or an at least tetra- 
coordinated metal complex, a salt, a solvate or an enantiomer thereof, comprising: 

a multidentate ligand being coordinated with the metal by means of a nitrogen atom and at 

40 least one heteroatom selected from the group consisting of oxygen, sulphur, selenium, 
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nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 
arsenic and antimony is suijstituted with a radical R"" selected from the group consisting of 
hydrogen. C1.7 alkyi, C3-10 cycloalkyi, aryl and heteroaryl; 

a non-anionic unsaturated ligand selected firom the group consisting of aromatic and 
5 unsaturated cycloaliphatic groups, preferably aryl, heteroaryl and C4.20 cydoalkenyl groups, 

the said aromatic or unsaturated cycloaliphatic group being optionally substituted with one 
or more alkyl groups or electron-withdrawing groups such as, but not limited to. 
halogen, nitro, cyano, (thio)carboxylic acid. (thio)carboxylic acid (thio)ester, (thio)carboxylic 
acid (thio)amide, (thio)carboxylic acid anhydride and (thio) carboxylic acid haiide; and 
10 - a ligand being either an anionic ligand or a non-anionic ligand selected from the group 

consisting of C1.7 alkyl. C3.10 cycloalkyi, aryl, arylalkyi, alkylaryl and heterocyclic, the said 
group being optionally sut>stituted with one or more preferably electron-withdrawing 
substituents such as, but not limited to, halogen, nitro, cyano, (thio)carboxylic add, 
(thio)cart)oxylic add (thio)ester, (thio)carboxyHc add (thio)amide. (thio)cari30xyllc acid 
15 anhydride and (thio) carboxylic add hallde; and 

(b) one or more second catalyst components being selected from the group consisting of Lewis 
acid co-catalysts (bi), catalyst activators {b^ and initiators having a radically transferable atom or 
group (b3). 

Thus the latter alternative of the main catalytic species includes the metal complex of the first 

20 aspect of the invention (when L® is a non-anionic ligand), but is not limited thereto since the ligand 
may also be an anionic ligand preferably selected from the group consisting of 0^20 carboxylate, 
C1.20 alkoxy, C2.20 alkenyloxy, C2-20 alkynyloxy, aryloxy, C1.20 alkoxycarbonyl, C1.7 alkylthio, Ci>2o 
alkylsulfonyl, C1.20 alkylsulfinyl C1.20 alkylsulfonate. arylsulfonate, C1.20 alkyl-phosphonate, 
arylphosphonate, Ci_2o aHcyl-ammonium, arylammonium, alkyldiketonate (e.g. acetylacetonate), 

25 aryldiketonate, halogen, nitro and cyano. In a specific embodiment which is useful namely when 
the complex is to be used in the presence of water, it may be advantageous when the anionic 
ligand is abstracted and replaced with a solvent S as a ligand. This anionic ligand abstraction 
and replacement may be effected for instance by treating, in the presence of the solvent S, the at 
least tetra-coordinated metal complex having the anionic ligand with an equivalent amount of a 

30 compound having the fonmula A-E, wherein E is a trimethylsilyl group or a metal such as silver, 
thus resulting in a modified at least tetra-coordinated metal complex being a cationic spedes 
having the solvent S as a ligand (in place of L®) and being assodated with an anion A. The 
treatment also results in the fomiatlon of a compound L^E (e.g. silver chloride or 
chlorotrimethylsilane) which can be removed from the reaction mixture by conventional techniques. 

35 Suitable anions A for this purpose may, but without limitation, be selected from the group consisting 
of hexafluorophosphate, hexafluoroantimoniate, hexafluoroarseniate, perchlorate, tetrafluoroborate, 
tetra(pentafluoro-phenyl)borate, alkylsulfonates wherein the all^l group may be substituted with 
one or more halogen atoms, and arylsulfonates (e.g. toluenesulfonate). Suitable soh^ents S for 
coordinating with the metal in such a cationic species may be selected from the group consisting of 

40 protic solvents, polar aprotic soh/ents and non-polar solvents such as aromatic hydrocarbons. 
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Chlorinated hydrocarbons, ethers, aliphatic hydrocarbons, alcohols, esters, ketones, amides, and 
water. 

When L® is a non-anionic ligand, it preferably has constraint steric hindrance such as, but 
not limited to, tert-butyl, neopentyl and mono- or polysubstituted phenyl, e.g. pentafluorophenyl. L® 
5 may also be methyl or phenyl. Preferably the substituting radical R"" also has constraint steric 
hindrance such as. but not limited to, tert-butyl, neopentyl and mono- or polysubstituted phenyl, 
e.g. 2,6-dijsopropylphenyl. 2,6-ditert-butylphenyl or 2,6-diisopropyl-4-bromophenyL Preferably the 
non-anionic unsaturated ligand also has constraint steric hindrance (such as. but not limited to, 
alkylaryl and alkylheteroaryl, e.g. xylyl. cumenyl or mesityl. 

10 In the catalytic system of this fourth aspect of the invention, the second component (b) will be 

selected according to the kind of reaction to be catalyzed. For instance, a co-catalyst (bi) may be 
useful for increasing the reaction rate of the ring opening metathesis polymerisation of cydic olefins 
and may be selected, but without limitation, from the group consisting of boron trihalides; 
trialkylboron; triarylboron; organoaluminum compounds: magnesium halides; aluminum halides; 

15 titanium or vanadium trihalides or tetrahalldes or tetraalkoxides, preferably titanium tetiBchloride or 
tetrarsopropoxytitanium; antimony and bismuth pentahalides. For instance a co-catalyst (bi) may 
be an organoaluminum compound selected from the group consisting of tri-n-alkylaluminums; 
dialkylaluminum hydrides, trialkenylaluminums. alkylaluminum alkoxides. dialkylaluminum 
alkoxides. dialkylalunriinum aryloxides and diaikyl-aluminum halides. A catalyst activator (b2) may 

20 also be useful for increasing the reaction rate of the ring opening metathesis polymerisation of 
cyclic olefins (thus may be combined with a co-catalyst (bi) such as above defined) and may be a 
diazo compound such as, but not limited to, ethyldiazoacetate and trimethylsilyldiazomethane. 

On the other hand, an initiator having a radically transferable atom or group (ba) is usually 
required, together with the main catalytic species, for perfonming the radical polymerisation of a 

25 monomer since an ATRP catalytic system is based on the reversible fonnation of growing radicals 
In a redox reaction between the metal component and an initiator. 

Suitable initiators include those compounds having the general fonmula R35R36R37CX1 
wherein: 

- Xi is selected from the group consisting of halogen. OR38 (wherein R3Q is|selected from Ci. 
20 alkyl. polyhaloCi_2oalkyl, C2.20 alkynyl (preferably acetylenyO. C2-20 alkenyl (preferably 
vinyl), phenyl optionally substituted with 1 to 5 halogen atoms or C1.7 alkyl groups and 
phenyl-substituted C1.7 alkyO. SR39. OC(=0)R39, OP(=0)R39, OP(=0)(OR39)2. OP(=0)OR39. 
0~N(R39)2 and S-C(=S)N(R39)2. wherein R39 is aryl or C1.20 alkyl, or where an N(R39)2 
group is present, the two R39 groups may be Joined to fonm a 5-, 6- or 7-membered 

^5 heterocyclic rfng (in accordance with the definition of heteroaryl above), and 

" R35. R36 and R37 are each independentiy selected from the group consisting of hydrogen, 
halogen. C1.20 alkyl (preferably alkyl). Cs^ cycloalkyl. C(=O)R40, (wherein R40 is 
selected from the group consisting of Ci,2o alkyl, Ci,2o alkoxy. aiyloxy or heteroaryloxy), 
C(=0)NR4iR42 (wherein R41 and R42 are independentiy selected firom the group consisting 

W of hydrogen and d.^ alkyl or R41 and R42 may be joined together to forni an alkylene 
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group of 2 to 5 carbon atoms), COCI, OH. CN. C2.20 alkenyl (preferably vinyl), C2.20 alkynyl, 
oxiranyl. glycidyl, aryl. heteroaiyi, aiylalkyi and aryl-substitirted C2-20 alkenyl. 
In these initiators, Xi is preferably bromine, which provides both a higher reaction rate and a 
lower polymer polydispersfty. 

When an alkyi, cydoalkyl, or alkyl-substituted aryl group is selected for one of R35. Raeand R37, 
the alkyI group may be further substituted with an Xi group as defined above. Thus, it is possible 
for the initiator to serve as a starting molecule for branch or star (co)polymers. One example of 
such an initiator is a 2,2-bis(halomethyl)-1,3-dihalopropane (e.g. 2,2-bis{chloromethyl)-1,3- 
dichloropropane or 2,2-bis(bromomethyl)-1.3-dibromopropane). and a preferred example is where 
one of R35. R36 and R37 is phenyl substituted with from one to five alkyI substituents, each of 
which may independently be further substituted with a Xi group (e.g. a,a'-dibromoxylene, 
hexakls(a-chloro- or a-bromomethyl)benzene). Preferred initiators include 1-phenylethyl chloride 
and 1-phenylethyl bromide, chlorofonm, carbon tetrachloride, 2-chloropropionitrile and C1.7 alkyI 
esters of a 2-halo-Ci.7 carbojqrKc add (such as 2-chloropropionic add, 2-bromopropionlc add. 2- 
chloroisobutyric add, 2-bromo-lsobutyric add and the like). Another example of a suitable initiator 
is dimethyl-2-chloro-2,4,4-trimethylglutarate. 

In a fifth aspect, the present invention also provides a supported catalyst, preferably for use in 
a heterogeneous catalytic reaction, comprising: 

(a) a catalytically active metal complex being selected from the group consisting of the 
at least tetra-coordinated metal complexes of the first aspect of the invention, the 
hexa-coordinated metal complexes of the second aspect of the Invention (induding 
the modified cationic species thereof having a solvent S as a ligand and being 
assodated with an anion A), or the tetra-coordinated metal complexes used in the 
third aspect of the invention, orxi catalytic system according to the fourth asped of 
the invention, and 

(b) a supporting amount of a canier suitable for supporting said catalytically active 
metal complex or catalytic system (a). 

In such a supported catalyst, said earner may be selected from the group consisting of porous 
inorganic solids (including silica, zirconia and alumino-sllica), such as amorphous or paracfystalline 
materials, crystalline molecular sieves and modified layered materials Induding one or more 
inorganic oxides, and organic polymer resins such as polystyrene resins and derivatives thereof. 
Porous inorganic solids that may be used with the catalysts of the invention have an open 
microstructure that altows molecules access to the relatively large surface areas of these materials 
that enhance their catalytic and sorptive activity. These porous materials can be sorted into three 
broad categories using the details of their microstrudure as a basis for dassification. These 
categories are the amorphous and paracrystalline supports, the crystalline molecular sieves and 
modified layered materials. The detailed differences in the microstrudures of these materials 
manifest themselves as important differences in the catalytic and sorptive behavior of the materials, 
as wed as in differences in various observable properties used to charaderize them, such as their 
surface area, the sizes of pores and the variability in those sizes, the presence or absence of X-ray 
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diffraction patterns and the details in such patterns, and the appearance of the materials when their 
microstructure is studied by transmission electron microscopy and electron diffraction methods. 
Amorphous and paracrystalline materials represent an important dass of porous inorganic solids 
that have been used for many years in industrial applications. Typical examples of these materials 
5 are the amorphous silicas commonly used in catalyst fomnulations and the paracrystalline 
transitional aluminas used as solid acid catalysts and petroleum refonming catalyst supports. The 
term "amorphous" Is used here to indicate a material with no long range order and can be 
somewhat misleading, since almost all materials are ordered to some degree, at least on the local 
scale. An alternate terni that has been used to describe these materials is "X-ray indifferent". The 
10 microstructure of the silicas consists of 100-250 Angstrom particles of dense amorphous silica 
(Kiric-Othmer Encyclopedia of Chemical Technology, 3rd. ed., vol. 20. 766-781 (1982)), with the 
porosity resulting from voids between the particles. 

Paracrystalline materials such as the transitional aluminas also have a wide distribution of pore 
sizes, but better defined X-ray diffraction pattems usually consisting of a few broad peaks. The 

15 microstructure of these materials consists of tiny crystalline regions of condensed alumina phases 
and the porosity of the materials results from irregular voids between these regions (K. Wefers and 
Chanakya Misra, "Oxides and Hydroxides of Aluminum", Technical Paper No 19 Revised, Alcoa 
Research Laboratories, 54-59 (1987)). Since, in the case of either material, there is no long range 
order controlling the sizes of pores in the material, the variability In pore size is typically quite high. 

20 The sizes of pores in these materials fall into a regime called the mesoporous range,, including, for 
example, pores within the range of about 1 5 to about 200 Angstroms. 

In sharp contrast to these structurally ill-defined solids are materials whose pore size distribution is 
very narrow because it is controlled by the precisely repeating ciystalline nature of the materials' 
microstructure. These materials are called " molecular sieves "-the most important examples of 

25 which are zeolites. Zeolites, both natural and synthetic, have been demonstrated in the past to 
have catalytic properties for various types of hydrocarbon conversion. Certain zeolitic materials aro 
ordered, porous crystalline aluminosilicates having a definite crystalline structure as determined by 
X-ray diffraction, within which there are a large number of smaller cavities which may be 
interconnected by a number of still smaller channels or pores. These cavities and pores are 

30 uniform in size within a specific zeolitic material. Since the dimensions of these pores are such as 
to accept for adsorption molecules of certain dimensions while rejecting those of larger dimensions, 
these materials are known as "molecular sieves" and are utilized in a variety of ways to take 
advantage of these properties. Such molecular sieves, both natural and synthetic, include a wide 
variety of positive ion-cont£uning crystalline silicates. These silicates can be described as a rigid 

35 three-dimensional framework of Si04 and Periodic Table Group IIIB element oxide, e.g., Ai04, in 
which the tetrahedra are cross-linked by the sharing of oxygen atoms whereby the ratio of the total 
Group IIIB element, e.g., aluminum, and Group IVB element, e.g., silicon, atoms to oxygen atoms 
is 1:2. The electrovalence of the tetrahedra containing the Group IIIB element, e.g., aluminum, is 
balanced by the inclusion in the crystal of a cation, for example, an alkali metal or an alkaline earth 

40 metal cation. This can be expressed wherein the ratio of the Group IIIB element, e.g., aluminum, to 
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the number of various cations, such as Ca, Sr, Na. K or LI, is equal to 1 . One type of cation may be 
exchanged either entirely or partially with another type of cation utilizing ion exchange techniques 
in a conventional manner. By means of such cation exchange, it has been possible to vary the 
properties of a given silicate by suitable selection of the cation. Many of these zeolites have come 
5 to be designated by letter or other convenient symbols, as illustrated by zeolites A (U.S. Pat No. 
2,882.243); X (U.S. Pat No. 2,882.244); Y (U.S. Pat. No. 3.130,007); ZK-5 (U.S. Pat. No. 
3,247,195); ZK-4 (U.S. Pat. No. 3,314.752); ZSM-5 (U.S. Pat No. 3,702,886); ZSM-11 (U.S. Pat 
No. 3,709,979); ZSM-12 (U.S. Pat. No. 3,832,449), ZSM-20 (U.S. Pat. No. 3,972,983); ZSM-35 
(U.S. Pat. No. 4,016,245); ZSM-23 (U.S. Pat No. 4,076,842); MCM-22 (U.S. Pat No. 4,954,325); 

10 MCM-35 (U.S. Pat No. 4,981,663); MCM-49 (U.S. Pat. No. 5.236,575); and PSH-3 (U.S. Pat No. 
4,439,409). The latter refers to a crystalline molecular sieve composition of matter named PSH-3 
and its synthesis from a reaction mixture containing hexamethyleneimine, an organic compound 
which acts as directing agent for synthesis of a layered MCM-56. A similar composition, but with 
additional structural components, is taught in European Patent Application 293,032. 

15 Hexamethyleneimine is also taught for use in synthesis of crystalline molecular sieves MCM-22 in 
U.S. Pat. 4.954,325; MCM-35 in U.S. Pat. No. 4,981,663; MCM^9 in U.S. Pat 5.236.575; and 
ZSM-12 in U.S. Pat No. 5,021.141. A molecular sieve composition SSZ-25 is taught In U.S. Pat. 
No. 4,826,667 and European Patent Application 231,860, said zeolite being synthesized from a 
reaction mixture containing an adamantane quatemary ammonium ion. Molecular sieve material 

20 being selected from the group consisting of zeolites REY, USY, REUSY, dealuminated Y, 
ultrahydrophobic Y, silicon-enriched dealuminated Y. ZSM-20. Beta, L, silicoaluminophosphates 
SAPO-5, SAPO-37, SAPO-40, MCM-9, metalloaluminophosphate MAPO-36, aluminophosphate 
VPI-5 and mesoporous crystalline MCM-41 are suitable for including into a supported catalyst of 
this invention. 

25 MCM-41 has a unifomn structure exhibiting hexagonal arrangement of straight mesopores, 

such as honeycomb, and has a specific surface area of about 1 ,000 m^/g as measured by onlinary 
BET. 

Existing molecular sieves have been produced by using inorganic or organic cations as 
templates, whereas those mesoporous molecular sieves are synthesized through a liquid crystal 
30 template pathway by using surfactants as templates. These mesoporous molecular sieves have the 
advantage that their pore sizes can be adjusted in a range of 1.6 to 10 nm by controlling the kinds 
of surfactants or synthetic conditions employed during the production process. The following 
mesoporous molecular sieves are also suitable for including Into a supported catalyst of this 
invention: 

35 - mesoporous molecular sieves designated as SBA-1, -2 and 3 reported in Science (1995) 

268:1324. Their channels are regularfy arranged, while the constituent atoms show an 
arrangement similar to that of amorphous silica. Mesoporous molecular sieves have 
regulariy arranged channels larger than those of existing zeolites, thus enabling their 
application to adsorption, isolation or catalyst conversion reactions of relatively large 

40 molecules; 
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a family of high quality, hydrothermally stable and ultra large pore size mesoporous silicas 
by using amphiphilic block copolymers in acidic media as disclosed by U.S. Patent No. 
6.592,764. One member of the family, SBA-15, has a highly ordered, two-dimensional 
hexagonal honeycomb, hexagonal cage or cubic cage mesostructure. Calcination at 500 
**C yields porous structures with high BET surface areas of 690 to 1 ,040 m^/g, and pore 
volumes up to 2.5 cm^/g, ultra large d(100) spacings of 7.45 - 45 nm, pore sizes from 4.6 - 
50 nm and silica wall thicknesses of 3.1 - 6.4 nm. SBA-15 can be readily prepared over a 
wide range of specific pore sizes and pore wall thicknesses at low temperature (35 - 80 ''C) 
using a variety of commercially available, non-toxic and biodegradable amphiphilic block 
copolymers, including triblock polyoxyalkylenes; 

U.S. Patent No. 6.630,170 discloses a mesoporous composition prepared from a mixture 
comprising hydrochloric acid, vitamin E and a silica source, wherein said vitamin E 
functions as a templating molecule, and said mesoporous composition exhibits unifonm 
pore size; and 

U.S. Patent No. 6,669,924 discloses a mesoporous zeolitic material having a stereoregular 
arrangement of unifomily-sized mesopores with diameters ranging from 2 to 50 nm and 
walls having a thickness of at least 4 nm and a microporous nanocrystalline structure, the 
mesopore walls having a stereoregular arrangement of unifomily-slzed micropores with 
diameters less than 1,5 nm. 

Certain layered materials, which contain layers capable of being spaced apart with a 
swelling agent, may be pillared to provide materials having a large degree of porosity. Examples of 
such layered materials include clays. Such clays may be swollen with water, whereby the layers of 
the clay are spaced apart by water molecules. Other layered materials are not swellable with water, 
but may be swollen with certain organic swelling agents such as amines and quatemary 
ammonium compounds. Examples of such non-water swellable layered materials are described in 
U.S. Pat, No. 4,859,648 and Include layered silicates, magadiite, kenyaite. trititanates and 
perovskites. Another example of a non-water swellable layered material, which can be swollen with 
certain organic swelling agents, is a vacancy-containing titanometallate material, as described in 
U.S. Pat. No. 4,831,006. Once a layered material is swollen, the material may be pillared by 
interposing a thermally stable sut>stance, such as silica, between the spaced apart layers. The 
aforementioned U.S. Pat. Nos. 4,831,006 and 4,859,648 describe methods for pillaring the non- 
water swellable layered materials described therein and are incorporated herein by reference for 
definition of pillaring and pillared materials. Other patents teaching pillaring of layered materials 
and the pillared products include U.S. Pat Nos. 4,216,188; 4.248.739; 4,176,090; and 4,367,163; 
and European Patent Application 205,711. The X-ray diffraction patterns of pillared layered 
materials can vary considerably, depending on the degree that swelling and pillaring disrupt the 
otherwise usually well-orxJered layered microstructure. The regularity of the microstructure in some 
pillared layered materials is so badly disrupted that only one peak in the low angle region on the X- 
ray drffraction pattem is observed, at a d-spacing corresponding to the interiayer repeat in the 
pillared material. Less disrupted materials may show several peaks in this region that are generally 
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orders of this fundamental repeat. X-ray reflections from the crystalline structure of the layers are 
also sometimes observed. The pore size distribution in these pillared layered materials is narrower 
than those in amorphous and paracrystalllne materials but broader than that In crystalline 
framework materials. 

5 In a sixth aspect, the present invention provides the use of a hexa-coordlnated metal 

complex according to the second aspect of the invention including the modified cationic species 
thereof having a solvent S as a ligand and being associated with an anion A) or an at least tetra- 
coordinated metal complex, a salt, a solvate or an enantiomer thereof, comprising: 

- a multidentate ligand being coordinated with the metal by means of a nitrogen atom and at 
10 least one heteroatom selected from the group consisting of oxygen, sulphur, selenium, 

nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 
arsenic and antimony is substituted with a radical R"" selected from the group consisting of 
hydrogen, C1.7 alkyi, C3.10 cydoalkyl, aryl and heteroaryl; 

a non-anionic unsaturated ligand selected from the group consisting of aromatic and 
15 unsaturated cycloaliphatic groups, preferably aryl, heteroaryl and C4.20 cydoalkenyl groups, 

the said aromatic or unsaturated cycloaliphatic group being optionally substituted with one 
or more C^^ alkyI groups or electron-withdrawing groups such as, but not limited to, 
halogen, nitro, cyano, (thio)carboxylic acid, (thio)carboxylic acid ^hio)ester, (thio)carbo)^lic 
acid (thio)amide, (thio)carboxylic acid anhydride and (thio) carboxylic acid halide; and 
20 - a ligand being either an anionic ligand or a non-anionic ligand selected from the group 

consisting of 0^.7 alkyI, C3.10 cycloalkyl. aryl, arylalkyi, alkylaryl and heterocyclic, the said 
group being optionally substituted with one or more preferably electron-withdrawing 
substituents such as, but not limited to, halogen, nitro, cyano, (thio)cart3oxylic acid. 
(thio)carboxylic add Chio)ester, (thio)carbQxylic add (thlo)amide, (thio)carbo)vlic acid 
25 anhydride and (thio) carboxylic add halide, 

or a tetra-coordinated or penta-coordinated metal complex, a salt, a solvate or an enantiomer 
thereof, comprising: 

a tetradentate ligand comprising two Schiff bases, and 

optionally a solvent ligand S, the said metal complex then being associated with an anion 
30 A, said solvent S and said anion A being as defined hereinabove, 

or a tetra-coordinated or penta-coordinated metal complex comprising: 
at least one bidentate phosphine ligand, and 

at least one other ligand being selected from the group consisting of solvent ligands S. in 
which case the complex is a cationic species associated with an anion A, said solvent S 
35 and said anion A being as defined hereinabove; anionic ligands and non-anionic ligands, 

as a catalytic component in olefin metathesis (the latter being as explained in the background of 
the invention or as defined in http://www.ilpi.com/organomet/olmetathesis.html), in particular the 
ring-opening metathesis polymerisation of cydic olefins, or in acetylene metathesis (the latter being 
as defined in http://www.ilpi.com/organomet/ aonetathesis.html and involving a 
40 metallacydobutadiene intenmediate) or in a reaction involving the transfer of an atom or group to an 
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ethylenically or acetylenically unsaturated compound or another reactive substrate such as, but not 
iimrted to, saturated hydrocarbons, aldehydes, ketones, alcohols, alkyi halides and the like. Briefly, 
acetylene metathesis may be referred to herein as a reaction In which all carbon-carbon triple 
bonds in a mi)dure of alkynes are cut and then rearranged in a statistical fashion. 
5 An atom or group transfer reaction usually comprises the step of reacting the said ethylenically 

or acetylenically unsaturated compound or other reactive substrate with a second reactive 
substrate under suitable reaction conditions and in the presence of a suitable catalytic component, 
the second reactive suljstrate being a suitable donor for the atom or group to be transferred. In this 
sbdh aspect of the invention, the catalytic component is such as above defined, i,e. namely 
10 includes the metal complexes of both the first and second aspects of the invention but is not limited 
thereto. 

More specificaiiy, the said atom or group transfer reactions (which will be detailed below) may 
be, but without limitation, selected from the group consisting of: 

atom or group transfer radical polymerisation of one or more radically (co)polymerisable 
15 monomers, especially mono- and diethylenically unsaturated monomers; 

atom transfer radical addition (the latter being as explained in the background of the 
invention), e.g. the addition of a polyhalomethane having the formula CXnH4.n, wherein X is 
halogen and n is an integer from 2 to 4, onto an ethylenically unsaturated compound to 
produce the corresponding saturated polyhalogenated adduct, including for instance the 
20 addition of cart)on tetrachloride or chloroform onto an a-olefin; 

- vinylation reaction, i.e. the reaction of a mono- or di-alkyne (e.g. phenylacetylene or 1 ,7- 
octadiyne) with a monocariboxyiic add (e.g. fomiic add or acetic add) or dicarboxylic acid 
to produce alk-1-enyl esters or enol esters or Maricovnikov adducts or anti- Mari^ovnikov 
adducts or mixtures thereof, 

25 - cydopropanatlon of an a-ethylenically unsaturated compound for produdng an organic 
compound having one or more cydopropane structural units; 

- quinoline synthesis through oxidative cydisation of 2-aminobenzyl alcohol with ketones; 
epoxidation of a-ethylenically unsaturated compounds for producing epoxides; 
oxidation of organic compounds induding the oxidation of saturated hydrocarbons (such 

30 as, but not limited to, methane) for produdng alcohols, or sulfides for produdng sulfoxides 

and sulfones,...or phosphines for produdng phosphonates, or alcohols and aldehydes for 
produdng carboxylic acids; 

cydopropenation of an alkyne for producing an organic compound having one or more 
cydopropene structural units; 
35 - hydrocyanation of a-ethylenically unsaturated compounds for produdng saturated nrtriles, 

or alkynes for produdng unsaturated nitrites, or a,p-unsaturated aldehydes or ketones for 
producing p-cyano carbonyl compounds; 

hydrosilylation of olefins for produdng saturated silanes, or alkynes for producing 
unsaturated silanes, or ketones for produdng silyl ethers, or trimethylsilylcyanation of 
40 aldehydes for produdng cyanohydrin trimethylsilyl ethers; 
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aziridination of imines or alkenes for producing organic compounds having one or more 
aziridine structural units; 

hydroamidation of olefins for produdng saturated amides; 

- hydrogenation of olefins for producing allcanes, and hydrogenation of ketones for producing 
alcohols; 

aminolysis and hydroamlnation of olefins for producing saturated primary or secondary 
amines, and hydroamlnation of alkynes for producing unsaturated amines; 
isomerisation of alcohols, preferably allylic alcohols, for producing aldehydes; 
Grignard cross-coupling of alkyi or aryl halides for producing alkanes or arylalkanes; 
hydroboratlon of olefins for producing alkylboranes and trialkylboranes; 
hydride reduction of aldehydes and ketones for producing alcohols; 

- aldol condensation of saturated carboxyi compounds (aldehydes or ketones) for producing 
a,p-unsaturated carboxyi compounds or p-hydroxycarbonyl compounds, and intra- 
molecular aldol condensation of dialdehydes or diones for producing cyclic a,p-unsaturated 
carboxyi compounds (aldehydes or ketones); 

Michael addition of a ketone or a p-dicarbonyl compound onto an a,p-unsaturated carboxyi 
compound for producing saturated polycarboxyl compounds; 

Robinson annulation, i.e. Michael addition followed by an Intramolecular aldol 
condensation, of a ketone onto an a,p-unsaturated carboxyi compound for producing 
saturated polycyclic carboxyi compounds being suitable intemnediates for steroids and 
other natural products containing six-membered rings; 

Heck reactions, i.e. the reaction of an aryl halide or a 1-hetero-2,4-cyclopentadiene (or a 
benzo-fused derivative thereof) with an a-ethylenically unsaturated compound for 
producing arylalkenes or heteroarylalkenes; 

codimerisation of alkenes for producing higher saturated hydrocarbons or alkynes for 

producing higher alkenes; 

hydroxylation of olefins for producing alcohols; 

- alkylatlon. preferably allylic alkylation, of ketones for producing alkylated ketones, 
preferably allylic ketones; 

Diels-Alder reactions such as, but not limited to, the cycloaddition of a conjugated diene 
onto an a-ethy!enlcally unsaturated compound for producing optionally substituted 
cyclohexenes, or the cycloaddition of furan onto an chethylenically unsaturated compound 
for producing optionally sut>stituted 7-oxanortx)menes; 
Suzuki-Miyaura cross-coupling reactions; 

- silylmetalatlon of unsaturated compounds, particularly olefins and cartonyl compounds; 
and 

- carbometalation reactions of silyl cyanides and allyl silanes wth carbonyl compouns and 
olefins. 

Each of the above organic synthesis reactions, which will be described in more detail hereinafter, is 
known per se. For further details on each type of reaction, reference may be made for instance to 
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K. Vollhardt and N. Schore, Organic chemistry, structure and functor} (1999) by W.H. Freeman (3"^ 
edition) and to B. Comils and A. Hemnann, Applied tiomogeneous catalysis witti organometallic 
compounds (2000) by Wiley. 

Each oiiganic synthesis reaction of this sixth aspect of the invention nnay be conducted in a 
5 continuous, semi-continuous, or batch manner and may involve a liquid and/or gas recycling 
operation as desired. The manner or order of addition of the reactants, catalyst, and solvent are 
usually not critical. Each organic synthesis reactions may be earned out in a liquid reaction medium 
that contains a solvent for the active catalyst, preferably one in which the reactants, including 
catalyst, are substantially soluble at the reaction temperature. 

10 In a first emt>odiment of this sixth aspect of the invention, the said reaction is an olefin 

metathesis reaction for transfomiing a first olefin into at least one second olefin or into a linear 
olefin oligomer or polymer or into a cyclo-olefin. The invention thus relates to a method for 
performing an olefin metathesis reaction comprising contacting at least one first olefin with the 
catalytic component, optionally supported on a suitable carrier such as decrit>ed hereinabove with 

15 reference to the fifth aspect of the invention. The high activity of the metal complexes of this 
invention cause these compounds to coordinate with, and catalyze metathesis reactions between, 
many types of olefins. Exemplary olefin metathesis reactions enabled by the metal complexes of 
the present invention include, but are not limited to, RCM of acyclic dienes, cross metathesis 
reactions, de-polymerization of olefinic polymers and. more preferaby, ROMP of strained cyclic 

20 olefins. In particular, the catalytic components of this invention may catalyze ROMP of 
unsubstituted, monosubstituted and disubstituted strained mono-, bi- and polycyclic olefins with a 
ring size of at least 3, preferably 3 to 5, atoms; examples thereof Include norbomene, cydobutene, 
norbomadiene, cyclopentene, dicyclopentadiene, cycloheptene, c^clooctene, 7-oxanorbomene. 7- 
oxanortx)madiene, cydooctadiene, cydododecene, mono- and disubstituted derivatives thereof, 

25 especially derivatives wherein the substituent may be C1.7 alkyl, cyano, diphenylphosphine, 
trimethylsilyl, methylaminomethyl. cart3oxylic add or ester, trifluoromethyl, maleic ester, maleimido 
and the like, such as disclosed in U.S. Patent No. 6.235,856, the content of which is incorporated 
herein in its entirety. The invention also contemplates ROMP of mixtures of two or more such 
monomers in any proportions. Further examples indude water-soluble cydic olefins such as exo-N- 

30 (N\N\N-trimethylammonio)ethyl-bicyclo[2.2.1] hept-5-ene-2,3-dicarboximide chloride or exo-N- 
(N\N',N-trimethylammonio)ethyl-bicydo-7-oxabicydo[2.2.1]hept-5-ene-2,3-dicarboximlde chloride. 
As is well known to the skilled person, olefins such as cydohexenes which have litUe or no ring 
strain cannot be polymerized because there is no thermodynamic preference for polymer versus 
monomer. 

35 ROMP of the invention may be carried out in an inert atmosphere for instance by dissolving a 

catalytic amount of the catalytic component in a suitable solvent and then adding one or more of 
the said strained cydic olefins, optionally dissolved in the same or another solvent, to the catalyst 
solution, preferably under agitation. Because a ROMP system is typically a living polymerisation 
process, two or more difFerent strained cydic olefins may be polymerised in subsequent steps for 

40 making diblock and triblock copolymers, thus permitting to tailor the properties of the resulting 
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material, provided that tlie ratio of chain initiation and chain propagation is suitably selected. 
Solvents that may be used for performing ROMP include all kinds of organic soh^ents such as 
protic solvents, polar aprotic solvents and non-polar solvents, as well as superx^ritical solvents such 
as carbon dioxide (while perfomiing ROMP under supercritical conditions) and aqueous solvents, 
5 which are inert with respect to the strained cyclic olefin and the catalytic component under the 
polymerization conditions used. More specific examples of suitable organic solvents include ethers 
(e.g. dibutyl ether, tetrahydrofuran, dioxane, ethylene glycol monomethyl or dimethyl ether, 
ethylene glycol monoethyl or diethyl ether, diethylene glycol diethyl ether or triethylene glycol 
dimethyl ether), haiogenated hydrocart)ons (e.g. methylene chloride, chlorofonn, 1,2- 

10 dichloroethane, 1,1,1-trichloroethane or 1,1,2,2-tetrachloroethane), carboxyllc add esters and 
lactones (e.g. ethyl acetate, methyl propionate, ethyl benzoate, 2-methoxyethyi acetate, y- 
butyrolactone, 5-valerolactone or pivalolactone), carboxylic acid amides and lactams (e.g. N,N- 
dimethylfonnamide, N.N-diethylfonmamide, N,N-dimethylacetamide, tetramethylurea, hexamethyl- 
phosphoric acid triamide, y-butyrolactam, E-caprolactam, N-methylpyrrolldone, N-acetylpyrrolidone 

15 or N-methylcaprolactam), sulfoxides (e.g. dimethyl sulfoxide), sulfones (e.g. dimethyl sulfone, 
diethyl sulfone, trimethylene sulfone or tetramethylene sulfone), aliphatic and aromatic 
hydrocarbons (e.g. petroleum ether, pentane, hexane, cydohexane, methylcyclohexane, benzene, 
chlorobenzene, o-dichlorobenzene. 1,2,4-trichlorobenzene, nitrobenzene, toluene or xylene), and 
nitriles (e.g. acetonitrile, propionitrile, benzonitrile or phenylacetonitrile). 

20 When water or an aqueous mixture is selected as the solvent, it is preferable to use a cationic 

metal complex species as the catalytic component, the said cationic spedes being associated with 
an anion A as described hereinabove. 

The solubility of the polymer fonmed by ROMP will depend upon the choice of the strained 
cydic olefin, the choice of the solvent and the molecular weight and concentration of the polymer 

25 obtained. When the strained cydic olefin is polyunsaturated (e.g. dicydopentadiene or 
norbomadiene), the polymer obtained may often be insoluble, whatever the soh^ent used. 
Polymerisation temperatures may range from about 0**C to about 120**C. preferably 20**C to 85''C, 
also depending upon the strained cydic olefin and the solvent The duration of polymerisation may 
be at least about 1 minute, preferably at least 5 minutes, and more preferably at least 30 minutes; 

30 the duration of polymerisation may be at most about 24 hours (although longer times may be used 
at the expense of economic conditions), preferably at most about 600 minutes, and even below 60 
minutes. The molar ratio of the strained cydic olefin to the catalytic component of the invention is 
not critical and, depending upon the olefin to be polymerised, may be at least about 100, preferably 
at least 250, more preferably at least 500. The said molar ratio is usually at most about 1,000,000, 

35 preferably at most 300.000 and more preferably at most 50,000. Before the polymer fomied 
solidifies in the reador or mold or, at will, when a desired molecular weight of the polymer has been 
achieved (as may be controlled for instance by monitoring reador temperature and/or reaction 
mixture viscosity), an oxidation inhibitor and/or a terminating or chain-transfer agent may be added 
to the readjon mixture, if needed. The choice of the terminating or chain-transfer agent used is not 

40 critical to this invention, provided that the said temiinating agent reads with the catalytic 
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component and produces another species which is inactive. i.e. not able to further propagate the 
polymerisation reaction, under the prevailing conditions (e.g. temperature). For instance, adding a 
molar excess (virith respect to the catalytic component) of a caibonyl compound to the reaction 
mixture is able to produced a metal oxo and an olefin (or polymei) capped with the fonner cartaonyl 
functionality; the cleaved polymer can then be separated from the catalyst by precipitation with 
methanol. Another way of cleaving the polymer from the catalyst may be by the addition of a 
vinylalkylether. Altematively, reaction with several equivalents of a chain-transfer agent such as a 
diene is another way of cleaving the polymer chain, which method does not deactivate the catalytic 
component, pennitting additional monomer to be polymerised, however possibly at the risk of 
broadening molecular weight distribution. 

Because the metal complexes of this invention are stable in the presence of various funcHonal 
groups, they may be used to catalyze a wide variety of olefins under a wide variety of process 
conditions. In particular the olefinic compound to be converted by a metathesis reaction may 
include one or more, preferably at most 2, functional atoms or groups, being for instance selected 
from the group consisting of hydroxyl, thiol (mercapto), ketone, aldehyde, ester (cartjoxylate), 
thioester, cyano, cyanato, epoxy. silyl, silyloxy. silanyl, siloxazanyi, boronato, boiyl. stannyl, 
disulfide, cart)onate. imine, cariaoxyl, amine, amide, cartjoxyl. isocyanate, thioisocyanate, 
cariDodiimide, ether (preferably C1.20 alkoxy or atyloxy), thioether (preferably C1.20 thioalkoxy or 
thioaryloxy), nitro. nitroso. halogen (preferably chloro), ammonium, phosphonate, phosphoryl, 
phosphino, phosphariyi, C1.20 alkylsulfanyl, arylsulfanyl, C1.20 alkylsulfonyl. arylsulfonyl, C1.20 
alkylsulfinyl, arylsulfinyl, sulfonamide and sulfonate (preferably toluenesulfonate, methanesulfonate 
or trifluoromethanesulfonate). The said olefin functional atom or group may be either part of a 
substituting group of the olefin or part of the cartjon chain of the olefin. 

The metal complexes of this invention are also useful components for catalyzing, at relatively 
low temperatures (from about ZO'C to 80»C), in the presence or absence of a solvent, the ring- 
closing metathesis of acyclic dienes such as, for instance, diallylic compounds (diallyl ether, diallyl 
thioether, diallyl phtalate, diallylamino compounds such as diallylamine, diallylamino phosphonates. 
diallyl glycine esters), 1 ,7-octadiene, substituted 1 ,6-heptadienes and the like. 

The metal complexes of this invention may also be used as catalytic components for the 
preparation of telechelic polymers, i.e. macromolecules with one or more reactive end-groups 
which are useful materials for chain extension processes, block copolymer synthesis, reaction 
injection moulding, and polymer networit fonnation. An example thereof is hydroxyl-telechelic 
polybutadiene which may be obtained from 1,5-cycooctadiene, 1 ,4-diacetoxy-cis-2-butene and 
vinyl acetate. For most apfrfications. a highly functionalized polymer, i.e. a polymer with at least two 
funcUonal groups per chain, is required. The reaction scheme for a teiechefic polymer synthesis via 
ring opening metathesis polymerisation is well known to those skined in the art: in such a scheme, 
acyclic olefins act as chain-transfer agents in order to regulate the molecular weight of the 
telechelic polymer produced. When a,(a-bifunctional olefins are used as chain-t^nsfer agents, truly 
bi-functional telechelic polymers can be synthesized. 
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According to the sixth aspect of the invention, olefin coupling may be perfoimed by cross- 
metathesis comprising the step of contacting a first olefinic compound with such a metal complex in 
the presence of a second olefin or functlonalized olefin. The said first olefinic compound may be a 
diolefin or a cyclic mono-olefin with a ring size of at least 3 atoms, and the said metathesis cross- 
5 coupling is preferably performed under conditions suitable for transfonming said cyclic mono-olefin 
into a linear olefin oligomer or polymer, or said diolefin into a mixture of a cyclic mono-olefin and an 
aliphatic aipha-olefin. 

Depending upon the selection of the starting substrates for the olefin metathesis reaction and 
the desired organic molecule to be produced, the olefin metathesis reaction can yield a very wide 

10 range of end-products including biologically active compounds. For instance the reaction may be 
for transfonming a mixture of two dissimilar olefins, at least one of which is an alpha-olefin, selected 
firom (i) cydodienes containing from 5 to 12 carbon atoms and 00 olefins having the fonmula: 

XHC=CH-(CH2)r(CH=CH)a-(CHX')c-(CH2)rX" (VII). 
into an unsaturated biologically active compound having the fonmula: 

15 H(CH2);r(CH=CH)a-(CH2)m-(CH=CH)b-(CH2)pX" (VIII). wherein 

a Is an integer from Oto 2; b is selected from 1 and 2; c is selected from 0 and 1; m and p are such 
that the hydrocarbon chain in fomriula (VIII) contains from 10 to 18 carbon atoms; r and t are such 
that the combined total of carbon atoms in the hydrocarbon chains of the two dissimilar olefins of 
formula (Vll) is from 12 to 40; z is an integer from 1 to 10, and X. X' and X" are atoms or groups 

20 each Independently selected from hydrogen, halogen, methyl, acetyl, -CHO and -OR12, wherein 
R12 is selected from hydrogen and an alcohol protecting group selected from the group consisting 
of tetrahydropyranyl, tetrahydrofuranyl, tert-butyl. trityl. ethoxyethyl and SiRi3Ri4Ri5 wherein R13, 
Ri4 and R15 are each independently selected from Ci.y alkyi groups and aryl groups. 

The said unsaturated biologically active compound having the fonnula (VIII) may be a 

25 pheromone or pheromone precursor, an insecticide or a insecticide precursor, a phamiaceutically 
active compound or a pharmaceutical intenmediate, a fragrance or a fragrance precursor. A few 
examples of the said unsaturated biologically active compounds include 1-chloro-5-decene. 8.10- 
dodecadienol, 3.8.1 0-dodecatrienol, 5-decenyl acetate, 11-tetradecenylacetate, 1,5,9-tetradeca- 
triene and 7,11-hexadecadienyl acetate. The latter is a pheronome commercially available under 

30 the trade name Gossyplure, useful in pest control by effectively disrupting the mating and 
reproductive cycles of specifically targeted insect species, which may be produced from 1 ,5,9- 
tetradecatriene, the latter being obtainable from cyclooctadiene and 1-hexene according to the 
present invention. 

When performing the olefin metathesis reaction of the invention, although in most cases the 
35 said reaction proceeds very quickly, it may be advantageous for a few specific olefins, in order to 
improve the reaction rate and/or yield, to further contact the olefin with a Lewis ac^d co-catalyst (bi) 
and/or a catalyst activator (M, The Lewis acid co-catalyst (bi) may be selected firom the group 
consisting of boron trihalides; trialkylboron; triarylt>oron; organoaluminum cx)mpounds; magnesium 
halides; aluminum halides; titanium or vanadium halides, preferably titanium tetrachloride; 
40 antimony and bismuth pentahalides. For instance the Lewis acid (X)-catalyst (bi) may l>e an 
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organoaluminum compound selected from the group consisting of tri-n-alkylaluminums; diall^l- 
aluminum hydrides, trialkenylalumlnums, alkylaluminum alkoxides, dialkylaluminum alkoxides, 
dlalkylalumlnum aryloxides and dialkylaluminum halides. The catalyst activator {b^ may be for 
instance a diazo compound such as, but not limited to, ethyldiazoacetate and 
5 trimethylsilyldiazomethane. 

At the opposite, ring-opening metathesis polymerization (ROMP) reactions using the 
catalytic components of the invention may proceed so quickly for olefinic monomers such as 
dicydopentadiene or oligomers thereof (i.e. Diels-Alder adducts fonned with about 1 to 20 
cyclopentadiene units) or mixtures thereof with strained monocyclic or polycydic fused olefins (e.g. 

10 as defined In U. S. Patent No. 6,235,856, the content of which is incorporated herein by reference) 
that polymerization control could become a problem in the absence of appropriate measures. This 
kind of problem is likely to occur during the molding of themnoset polymers wherein a liquid olefin 
monomer and a catalyst are mixed and poured, cast or injected Into a mold and wherein on 
completion of polymerization (i.e. "curing" of the article) the molded part is removed from the mold 

15 before any post cure processing that may be required, such as in the Reaction Injection Molding 
("RIM") technique. It is well known that the ability to control reaction rates, i.e. the pot life of the 
reaction mixture, becomes more important in the molding of larger parts using this technique. Using 
the catalytic components of this invention, extending the pot life and/or controlling the rate of an 
olefin metathesis polymerisation reaction may be effected in different ways, such as increasing the 

20 catalyst/olefin ratio and/or adding a polymerization retardant to the reaction mixture. Moreover this 
can be achieved by an improved embodiment comprising: 

(a) a first step of contacting the olefin metathesis catalytic component (optionally 
supported) of the invention with an olefin in a reactor at a first temperature at which 
the said olefin metathesis-catalytic component is substantially unreactive (inactive), 

25 and 

(b) a second step of bringing the reactor temperature (e.g. heating the contents of said 
reactor) up to a second temperature above the said first temperature, at which said 
catalytic component is active, until completion of polymerisation. 

In a more specific version of this improved embodiment, heat activation occurs in bursts rather 
30 than continuously, e.g. by repeating the sequence of steps (a) and (b). 

Within the said controlled polymerization method, it should be understood that the non- 
reactivity of the catalytic component in the first step depends not only on the first temperature but 
also on the nature of the olefin(s) used in the said RIM technique and on the olefin/catalytic 
component ratio. Preferably the first temperature is about 20*^0 but, for specific olefins or specific 
35 olefin/catalyfic component ratios, it may even be suitable to cool the reaction mixture below room 
temperature, e.g. down to about 0*'C. The second temperature is preferably above 40**C and may 
be up to about 90X. 

ROMP using the catalytic components of this invention readily achieve linear or crosslinked 
polymers of the above-mentioned strained cyclic olefins, such as poiynorbomenes and 
40 polydicydopentadienes, with well controiled characteristics, i.e. average molecular weight and 
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molecular weight distrilJution (polydisperslty). In particular, norijomene polymere with an average 
molecular weight ranging from about 200,000 to 2,000.000 and a molecular weight distribution 
(polydisperstty) from about 1.1 to 2.2 may be prepared. Polymerisation, in particular when 
performed in a mold such as in the RIM technique, may occur in the presence of one or more 
fomiulation auxiliaries, such as antistatics, antioxidants, ceramics, light stabilizers, plasticizers. 
dyes, pigments, fillers, reinforcing fibers, lubricants, adhesion promoters, viscosity-enhancing 
agents and demolding agents, all said auxilaries being well known in the art. 

Depending upon the specific reaction involved in this sixth aspect of this invention, and 
especially when the said reaction is ROMP of strained cydic olefins, reaction may also 
advantageously be perfomied under visible light or ultra-violet light irradiation, e.g. using a source 
of visible light or ultra-violet light being able to deliver sufficient energy to the reaction system. 

In another embodiment of the sixth aspect of the present invention, the catalytic component is 
used for the atom transfer radical addition (ATRA) reaction of a polyhalogenated alkane CXCI3, 
wherein X is hydrogen, C1.7 alkyl. phenyl or halogen, onto an olefin or dioiefin. Such reaction Is 
preferably perfonned in the presence of an organic solvent, in a molar excess of the 
polyhalogenated alkane, and within a temperature range between about 30' and lOO'^C. Suitable 
examples of the polyhalogenated alkanes are carbon tetrachloride, chloroform, 
trichlorophenylmethane and carbon tetrabromide. Examples of suitable olefins for this radical 
addition reaction include internal and cyclic olefins as well as terminal olefins having the formula 
RR'C=CH2, wherein R and R' may be each independently selected from hydrogen, C1.7 alkyl, 
phenyl and carboxylic acid or ester, e.g. vinylaromatic monomers such as styrene or vinyttoluene, 
a.p-ethylenically unsaturated acid esters such as C1.7 alkyl acrylates and methacrylates, 
acrylonrtrile and the like. 

In another embodiment of the sixth aspect of the present invention, the catalytic component is 
used for the atom or group transfer radical polymerization (ATRP) of one or more radically 
(co)polymerizable monomers. It is critical to the success of the living/controlled radical' 
polymerisation contemplated in this embodiment to achieve rapid exdiange between growing 
radicals present at low stationary concentrations (in a range of from about 10"® mole/I to 10^ mole/\) 
and dormant chains present at higher concentrations (typically in a range of from about 10"* mole/I 
to 1 mole/1). It may therefore be desirable to match the respective amounts of the catalytic 
component of the invention and of the radically (co)polymerizable monomer(s) in such a way that 
these concentration ranges are achieved. If the concentration of growing radicals exceeds about 
10"^ mole/I, there may be too many active species in the reaction, which may lead to an undesirable 
increase in the rate of side reactions (e.g. radical-radical quenching, radical abstraction from 
species other than the catalyst system, and do on). If the concentration of growing radicals is less 
than about 10"® mole/I. the polymerisation rate may be undesirably slow. Similariy. if the 
concentration of dormant chains is less than about 10"^ mole/1, the molecular weight of the polymer 
produced may increase dramatically, thus leading to a potential loss of control of its polydispersity. 
On the other hand, if the concentration of donmant species is greater than 1 mole/I. the molecular 
weight of the reacHon product may likely become too small and result in the properties of an 
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Oligomer with no more than about 10 monomeric units. In bulk, a concentration of dormant chains 
of about 10"^ mole/i provides a polymer having a molecular weight of about 100,000 g/mole. 

The various catalytic components of the present invention are suitable for the radical 
polymerisation of any radically polymerizable, ethylenlcally or acetylenically unsaturated 

5 compound, including acrylic acid, methacrylic acid, acrylic acid esters, methacrylic acid esters, 
acrylic add amides, methacrylic acid amides, Imides (such as N-cyclohexylmaleimide and N- 
phenylmaleimide), styrenes, dienes or mixtures thereof. By providing the said compounds in a 
single step or in a multi-steps procedure, they are able to provide controlled copolymers having 
various structures, including block, random, gradient, star-shaped, graft, comb-shaped, 

10 hyperbranched and dendritic (co) polymers of various monomer compositions and, consequently, 
having tailored properties such as heat resistance, scratch resistance, soh^ent resistance, etc. 

More specifically,* monomers suitable for ATRP include those of the formula R3iR32C=C R33R34 
wherein: 

R31 and R32 are independently selected from the group consisting of hydrogen, halogen, 
15 CN, CF3. C1-20 alkyi (preferably C1-6 alkyi), a,p-unsaturated C2-20 alkynyl (preferably 

acetylenyl), a,p-unsaturated C2.20 alkenyl (preferably vinyO optionally substituted 
(preferably at the a position) with a halogen. Cm cycloalkyi, phenyl optionally bearing 1 to 
5 substituents, 

R33 and R34 are independently selected from the group consisting of hydrogen, halogen 
20 (preferably fluorine or chlorine), alkyi and COOR35 (where R35 is selected from 

hydrogen, an alkali metal, or alkyO, and 
at least two of R31 , R32 , Raa and R34 are hydrogen or halogen. 
Accordingly, vinyl heterocyclic monomers suitable for ATRP in this embodiment of the sixth 
aspect of the invention Include, but are not limited to, 2-vinyl pyridine. 6-vinyl pyridine, 2-vinyl 
25 pyrrole, 5-vinyl pyrrole, 2-vinyl oxazole, 5-vinyl oxazole, 2-vinyl thiazole, 5-vinyl thiazole, 2-vinyl 
imidazole. 5-vinyl imidazole. 3-vlnyl pyrazole, 5-vinyl pyrazole, 3-vinyl pyridazine. 6-vinyl 
pyridazine, 3-vinyl isoxazole, 3-vinyl isothiazoles, 2-vinyl pyrimidine, 4-vinyl pyrimidlne, 6-vinyl 
pyrimidine, and any vinyl pyrazine, the most prefenred being 2-vlnyl pyridine. 
Other preferred monomers include: 
30 - (meth)acrylic esters of C1.20 alcohols, 
acrylonitrile, 

cyanoacrylic esters of C1-20 alcohols, 
didehydromalonate diesters of C1.7 alcohols, 
vinyl ketones, and 

35 - styrenes optionally bearing a C^? alkyi group on the vinyl moiety (preferably at the a 

carbon atom) and/or bearing from 1 to 5 substituents on the phenyl ring, said substituents 
being selected from the group consisting of C1.7 alkyi, C1.7 alkenyl (preferably vinyl or allyl), 
C1.7 alkynyl (preferably acetylenyl), C1.7 alkoxy, halogen, nitro, carboxy, Ci.7 
alkoxycart>onyl, hydroxy protected with a C1.7 acyl group, cyano and phenyl. 
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The most preferred monomers for ATRP are methyl acrylate, methyl methacrylate, butyl 
acryiate, 2-ethylhexyl acryiate, acrylonitrile, maleimide and styrene. 

In this embodiment, the catalytic component of the invention is more preferably used in 
combination with one or more initiators having a radically transferable atom or group, since an 
5 ATRP catalytic system is based on the reversible fomriation of growing radicals in a redox reaction 
between the metal component and an initiator. Suitable initiators may be selected from the group 
consisting of compounds having the general formula R35R36R37CX1, wherein: 

- Xi is selected from the group consisting of halogen, OR38 (wherein R38 i^selected from the 
group consisting of Ci_2o alkyl, polyhalo Ci_2o alkyi, C2.20 alkynyl (preferably acetylenyO, C2- 
10 20 alkenyl (preferably vinyl or allyO, phenyl optionally substituted with 1 to 5 substituents 

selected from the group consisting of halogen and C1.7 alkyl, and phenyl-substituted C1-7 
alkyl), SR39, OC(=0)R39. OP(=0)R39, OP(=0)(OR39)2, OP(=0)OR39. 0-N(R3b)2 and S- 
C(==S)N(R39)2, wherein R39 is aiyl or C1.20 alkyl, or where an N(R39)2 group is present in the 
said Xi. the two R39 groups may be joined together to form a 5-, 6- or 7-membered 
15 heterocyclic ring (in accordance with the definition above), and 

R35. R35 and R37 are each independently selected from the group consisting of hydrogen, 
halogen, C1.20 alkyl (preferably C1.7 alkyl), C3-10 cycloalkyi, C(=O)R40, (wherein R40 is 
selected from the group consisting of C1.20 alkyl, C1.20 alkoxy, aryloxy or heteroaryloxy), 
C(=0)NR4iR42 (wherein R41 and R42 are independently selected from the group consisting 
20 of hydrogen and C1.20 alkyl or R41 and R42 may be joined together to form a 5-, 6- or 7- 

membered heterocyclic ring Cm accordance with the definition above), COCI. OH, CN, C2-20 
alkenyl (preferably vinyQ, C2.20 alkynyl, oxiranyl, glycidyl, aryl, heteroaryl, arylalkyi and aryl- 
substituted C2.20 alkenyl. 
In the latter initiators Xi is preferably bromo which provides both a higher reaction rate and a 
25 lower polymer polydispersity. 

When an alkyl, cycloalkyi, or alkyl-substituted aryl group is selected for one of R35. R38 and R37, 
the alkyl group may be further substituted with a group Xi such as defined above, in particular a 
halogen atom. Thus, it is possible for the initiator to serve as a starting molecule for branched, 
comtHshaped or star-shaped (co)polymers of virtually any type or geometry. One example of such 
30 an Initiator is a 2,2-bis(halomethyO-1,3-dihalopropane (e.g. 2,2-bis(chloromethyl)-1,3- 
dichloropropane or 2.2-bis(bromomethyl)-1,3-dibromopropane), and a preferred example is where 
one of R35. R36 and R37 is phenyl sut)stituted with from 1 to 5 C1.7 alkyl substituents, each of which 
may independently be further substituted with a group Xi, e.g. a,a'-dibromoxylene, hexakis(a- 
chloro- or a-bromomethyl)benzene. 
35 Preferred initiators include 1-phenylethyl chloride and 1-phenylethyl bromide, chlorofonm, 

carbon tetrachloride, 2-chloropropionitrile and C1.7 alkyl esters of a 2-halo-Ci.7 saturated 
monocarboxylic add (such as 2-chloropropionic acid, 2-bromopropionic acid, 2-chloroisobutyr1c 
acid. 2-bromoisobutyric acid and the like). Another example of a suitable initiator is dimethyh-2- 
chloro-2.4,4-trimethylglutarate. 
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Any transition metal complex which can participate in a redox cycle with the initiator and 
domiant polymer chain, but which does not fomi a direct carl>on-metal bond with the polymer 
chain, such as a complex of ruthenium, osmium, iron, molybdenum, tungsten, titanium, rhenium, 
technetium, lanthanum, copper, chromium, manganese, rhodium, vanadium, zinc, gold, silver, 
5 nickel or cobalt, is suitable for use in this emt>odiment of the invention. The amounts and r^iative 
molar proportions of the initiator and the transition metal complex of the invention are those which 
are typically effective to conduct ATRP. The molar proportion of the transition metal complex with 
respect to the initiator may be from 0.0001:1 to 10:1, preferably from 0.1:1 to 5:1, more preferably 
from 0.3:1 to 2:1, andmost preferably from 0.9:1 to 1.1:1. 

10 ATRP acconjing to the invention may be conducted in the absence of a solvent, i.e. in bulk. 

However, when a solvent is used, suitable solvents include ethers, cyclic ethers, alkanes, 
cycloalkanes, aromatic hydrocarbons, halogenated hydrocarbons, acetonitrile, dimethylfomnamide 
and mixtures thereof , and supercritical solvents (such as CO2). ATRP may also be conducted in 
accordance with known suspension, emulsion or precipitation methods. Suitable ethers include 

15 diethyl ether, ethyl propyl ether, dipropyl ether, methyl t-butyl ether, di-t-butyl ether, glyme 
(dimethoxyethane) diglyme (diethylene glycol dimethyl ether), etc. Suitable cyclic ethers include 
tetrahydrofuran and dioxane. Suitable alkanes include pentane. hexane, cydohexane, octane and 
dodecane. Suitable aromatic hydrocarbons include benzene, toluene, o^xylene. nrv-xylene, p-xylene 
and cumene. Suitable halogenated hydrocarbons include dichloromethane, 1,2-dichloroethane and 

20 benzene substituted with 1 to 6 fluorine and/or chlorine atoms, although one should ensure that the 
selected halogenated hydrocarbon does not act as an initiator under the reaction conditions. 

ATRP may also be conducted in the gas phase (e.g. by passing the gaseous monomer(s) over 
a bed of the catalytic system), in a sealed vessel or in an autoclave. (Co)polymerization may be 
conducted at a temperature from about 0**C to 160*C, preferat>ly from about 60*'C to 120*'C. 

25 Typically, the average reaction time will be from about 30 minutes to 48 hours, more preferably 
from 1 to 24 hours. (Co)polymerization may be conducted at a pressure from about 0.1 to 100 
atmospheres, preferably firom 1 to 10 atmospheres. 

According to another embodiment, ATRP may also t>e conducted in emulsion or suspension in 
a suspending medium for suspending the monomer(s) and while using the metal complex of the 

30 invention in combination with a surfactant, so as to fonm a (co)polymer emulsion or suspension. 
The suspending medium usually is an inorganic liquid, preferably water. When water or an 
aqueous mixture is selected as the suspending medium, it is preferable to use a cationic metal 
complex species as the catalytic component, the said cationic species being associated with an 
anion A as described hereinabove. In this embodiment of the invention, the weight ratio of the 

35 organic phase to the suspending medium is usually between 1:100 and 100:1, preferably between 
1:10 and 10:1. If desired, the suspending medium may be buffered. Preferably the surfactant will 
t>e selected in order to control the stability of the emulsion, i.e. to fomi a stable emulsion. 

In order to conduct polymerization in a heterogeneous medium (where the monomer/polymer is 
insoluble, or only slightly soluble, in the suspension medium, i.e. water or CO2). the metal catalytic 

40 component should be at least partially soluble in the monomer/polymer. Thus, only when ligands 
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are properly selected to allow the catalyst to meet this requirement, such as ligands containing long 
alkyl chains to increase catalyst solubility in hydrophobic monomers targeted for polymerization, is 
a successful, controlled ATRP polymerization obtained in the water-borne systems of this 
embodiment. From the above description of ligands coordinating the metal in the catalytically active 
5 metal complexes of the invention, those skilled in the art will be able to make a suitable selection. 

A key component in the preparation of the stable emulsions of the present embodiment is the 
use of the surfactant to stabilize the initial monomer suspension/emulsion and growing polymer 
particles and to prevent unwanted coagulation/flocculation of the particles. In ortJer to conduct 
ATRP in emulsion however, care should be taken to choose a surfactant which does not interi'ere 
10 vwth the catalytic component or domriant chain end. Suitable surfactants for this purpose include 
non-ionic, anionic, and cationic surfactants, with cationic and non-ionic surfactants being preferred 
in non-buffered solutions. Particulariy preferred non-ionic surfactants include polyethylene glycol, 
polyoxyethylene oleyl ethers and polyoxythylene sori^itan monoalkyls. A preferred cationic 
surfactant is dodecyltrimethyl ammonium bromide. Regardless of the surfactant used, efficient 
15 stirring is preferred to obtain good dispersions or latexes. 

The surt'actant is usually present in a concentration of about 0.01% to 50% by weight based on 
the total weight of all components introduced into the polymerisation reactor, i.e. suspending 
medium, monomer(s), surfactant and catalytic system. 

High solubility in the suspension medium is not a prerequisite for the initiator as may be 
20 demonstrated by the use of the poorty water soluble ethyl 2-bromoisobutyrate, to initiate emulsion 
polymerization. While any order of addition of the initiator and other reaction components can be 
used, however if the initiator is added to a pre-emulslfied reaction mixture, stable latexes are 
usually obtained. Suitable initiators have been described herein-above in the solvent embodiment 
of the ATRP process. Initiators can also be macromolecules that contain radically transferable 
25 atoms or groups. A special type of such macroinitiators may be water-soluble or even amphiphilic 
and may, after initiation of the reaction, be incorporated into the polymer particle and may stabilize 
the growing particle due to the hydrophilic segment of the macroinitiator. 

After completing the (co)polymerization step of the ATRP process of this invention, the polymer 
formed may be isolated by known procedures, such as, but not limited to, precipitating in a suitable 
30 solvent, filtering the precipitated polymer, then washing and drying the filtered polymer. 
Precipitation can be typically conducted using a suitable alkane or cycloalkane solvent, such as 
pentane hexane, heptane, cyclohexane or mineral spirits, or using an alcohol, such as methanol, 
ethanol or isopropanol, or any mixture of suitable soh^ents. The predpitated (co)polymer can be 
filtered by gravity or by vacuum filtration, e.g. using a Buchner funnel and an aspirator. The 
35 polymer can then be washed with the solvent used to precipitate the polymer, if desired. The steps 
of precipitating, filtering and washing may be repeated, as desired. Once isolated, the (co)polymer 
may be dried by drawing air through the (co)polymer, by vacuum. The dried (co)polymer can then 
be analyzed and/or characterized e.g. by size exclusion chromatography or NMR spectroscopy. 

(Co)polymers produced by the catalytic ATRP process of the invention may be useful in 
40 general as molding materials (e.g. polystyrene) and as barrier or surface materials (e.g. polymethyl 
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methacrylate). However, since they typically have more uniform properties On particular molecular 
weight distribution) than polymers produced by conventional radical polymerization, they will be 
most suitable for use for specialized applicaUons. For example, block copolymers of polystyrene 
(PSt) and polyacrylate (PA), e.g. PSt-PA-PSt triblock copolymers, are useful themioplastic 
5 elastomers. Poiymethylmethacrylate/acrylate triblock copolymers (e.g. PMMA-PA-PMMA) are 
useful, fully acrylic, themnoplastic elastomers. Homo- and copolymers of styrene, (meth)acry!ates 
and/or acryionitrile are useful plastics, elastomers and adheslves. Either block or random 
copolymers of styrene and a (meth)acrylate or acryionitrile are useful themnoplastic elastomers 
having high solvent resistance. Furthenmore, block copolymers in which blocks alternate between 
10 polar monomers and non-polar monomers produced by the present invention are useful 
amphlphilic surfactants or dispersants for making highly uniform polymer blends. Star-shaped 
(co)polymers, e.g. styrene-butadiene star block copolymers, are useful as ha\nng high impact 
resistance. 

(Co)polymers produced by the catalytic ATRP process of the present Invention typically have a 

15 number average molecular weight from about 5,000 to 1 ,000,000. preferably from about 10,000 to 
250,000, and more preferably from about 25,000 to 150.000. 

Because ATRP is a living polymerization process, it can be started and slopped practically at 
will. Further, the polymer product retains the functional group Xi necessary to initiate a further 
polymerization. Thus, in a specific embodiment, once a first monomer is consumed in the Initial 

20 polymerizing step, a second monomer can then be added to forni a second block on the growing 
polymer chain in a second polymerizing step. Further additional polymerizations with the same or 
different monomer(s) can be performed to prepare multi-block copolymers. Furthermore, since 
ATRP is also a redical polymerization, these blocks can be prepared in essentially any order. 

(Co)polymers produced by the catalytic ATRP process of the present invention have a very low 

25 polydispersity index. I.e. the ratio MJMn of their weight average molecular weight to their number 
average molecular weight is typically from about 1.1 to 2.4, preferably from 1.15 to 2.0, more 
preferably from 1 .2 to 1.6. 

Because the living (co)polymer chains retain an initiator fragment including Xi as a terminal 
group, or in one embodiment as a substituent in a monomeric unit of the polymer chain, they may 

30 be considered as end-functional or in-chain functional (co)polymers. Such (co)polymers may thus 
be converted into (co)polymers having other functional groups (e.g. halogen can be converted into 
hydroxy or amino by known methods, and nitrile or cartjoxylic ester can be hydrolyzed to a 
cartK)xylic add by known methods) for further reartlons, including crosslinking, chain extension 
with reactive monomers (e.g. to fomi long-chain polyamides, polyurethanes and/or polyesters), 

35 reactive injection molding, and the like. 

In order to facilitate the use of metal complexes of the invention in the above-mentioned 
heterogeneous catalytic reactions, the present invention further provides silyl derivatives of such 
complexes, being suitable for covalent bonding to a carrier, especially those complexes wherein 
the multidentate ligand is a bidentate ortridentate Schiff base, e.g. one having the general fonmula 

40 (lA) or (IB) refemed to in figure 1. or a tetradentate ligand comprising two Schiff bases such as one 
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having the general fomnula Q\A) or Q\B) or (ilC) referred to in figure 2 or the general formula (IIIA) 
or (IIIB) referred to in figure 3. In such silyl derivatives, R' and/or R" of the said general formula is 
replaced or substituted with a group having the fomnula: 

-R2(r(CH2)n-D-Si-R2iR22R23 (VIII), wherein: 
5 - R20 is a radical selected from the group consisting of C^^y alkylene, arylene, heteroarylene 

and 03^10 cycloalkylene, the said radical being optionally substituted with one or more R24 
substituents each independently selected from the group consisting of C1.20 alkyl C2.20 
aikenyl, C2.20 alkynyl. C1.20 carboxylate, C1-20 alkoxy, C2.20 alkenyloxy, C2.20 alkynyloxy, C2-20 
alkoxycarbonyl, C1.20 alkylsulfonyl,Ci.2o alkynylsulfinyl, C1.20 alkylthio, aryioxy and aryl; 
10 - D is a divalent atom or radical selected from the group consisting of oxygen, sulphur, 
silicon, arylene, methylene, CHR24, C(R2ii)2, NH, NR24 and PR24; 

R21, R22 and R23 are each independently selected from the group consisting of hydrogen, 

halogen and R24 ; and 

n is an integer from 1 to 20; 
15 provided that at least one of R21, R22 and R23is selected from the group consisting of Ci_2o alkoxy, 
C2.20 alkenyloxy, C2-20 alkynyloxy, C2.20 alkoxycarbonyl, C1.20 alkylsulfonyl, Ci,2o alkynylsulfinyl, Ci-20 
alkylthio and aryioxy. 

More preferred within the above group are silyl derivatives wherein R' is replaced or 
substituted with a 3-(triethoxysilyl)propyl or 2~(triethoxysilyOethyl group. Altematively suitable 
20 derivatives include shaped organosiloxane copolycondensation products such as disclosed in EP- 
A-484,755. 

In another embodiment, the invention provides a supported catalyst, especially for use In 
the above-mentioned catalytic reactions, comprising the product of covalent bonding of (a) a silyl 
derivative of a metal complex such as defined hereinabove, and (b) a carrier including one or more 

25 inorganic oxides or an organic polymeric material. Preferably the said inorganic carrier is selected 
firom silica, alumino-silica, zirconia, natural and synthetic zeolites and mbdures thereof, or the said 
organic polymeric carrier is a polystyrene resin or a derivative thereof wherein the aromatic ring is 
substituted with one or more groups selected from C1.7 alkyi, C3-10 cydoalkyl, aryl and heteroaryl. 
More detailed examples of suitable carriers (b) for this purpose were already disclosed with respect 

30 to the fifth aspect of the invention. 

The catalytic component of the sixth aspect of this invention is also useful in the 
cyciopropanation of ethyienically unsaturated compounds, or the intramolecular cyclopropanation 
of a-diazoketones or a-diazo-p-ketoesters for producing compounds having one or more 
cyclopropane structural units in the hydrocartx)n chain. This embodiment of the invention is thus 

35 useful in one or more manufacturing steps of the following natural and synthetic cyclopropyk 
containing compounds. Cyclopropyl-containing compounds may be found in naturally occurring 
terpenes, steroids, amino-acids, fatty acids, alkaloids and nucleic adds. For instance, 
chrysanthemic add derivatives (such as pyrethrines) produced in plants are precursors to potent 
insectiddes. The invention is also applicable to making synthetic pyrethroid insectiddes such as 

40 deltamethrin, as well as sirenine, aristolon, sesquicarene and cyclopropyl derivatives being 
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intermediates in the synthesis of the steroid hirsutene or the antibiotiG sailcomydne. Cyclopropyi- 
containing non-naturai compounds also have biological activity, such as Cipro, a powerful anti- 
anthrax drug, or cyclopropane amino-acids (e.g. 2,3-nnethanophenylalanine, the anti-Parkinson 
drug 2,3-nnethano-m-tyrosine, coronatine and coronamic acid). Polycyclopropane fatty acid 

5 derivatives isolated from fungi, U-1 06305 (a cholesteryl ester transfer protein inhibitor) and PR- 
900848 (a nucleoside analogue), are also candidates for such synthetic production. Ethylenically 
unsaturated compounds that may t>e cyclopropanated according to this invention into the 
correspondingly cyclopropyl-containing compounds are not particularly limited but include, without 
restriction, compounds having terminal ethylenic unsaturation such as styrene (which, in the 

10 presence of ethyl diazoacetate, may be transformed into ethyl-2-phenyl(ydopropanecarboxylate) 
and substituted derivatives thereof (e.g. 4-chlorostyrene, a-methylstyrene and vinylstyrene), 2- 
vinylnaphtalene, 1,1-diphenylethylene, 1-decene, functional a-olefins wherein the functional group 
is preferably adjacent to the ethylenic unsaturation and is preferably a protected alcohol such as in 
protected allylic alcohols such as acyclic allylic silyl ethers (which may be transformed into 

15 cyclopropylcarbinyl silyl ethers) or a cartx)xy group such as in acrylic and methacrytic acids (as well 
as esters, thioesters, amides or anhydrides thereof, cirinamate esters, alkenylboronic esters (such 
as 2-methylethenyl-4,5-bis[methoxy-diphenylmethyi]-1,3,2-dioxaborolanes or deriva-tives thereof 
wherein the methyl group is protected by a protecting group such as. but not limited to, ter- 
butyldimethylsiloxy, ter-butyldiphenylsiloxy, benzyloxy, methoxymethoxy or benzoyloxy, which may 

20 be transformed into the corresponding cyclopropylboronic esters), 2-phenylsulfonyl-1 ,3-dienes and 
cycloolefins such as cyclooctene. Such reaction preferably takes place In the presence of a diazo 
compound such as, but not limited to, ethyl diazoacetate, cinnamyl diazoacetate, 
dicyclohexylmethyl diazoacetate, vinyl diazoacetate, menthyl diazoacetate or 1-diazo-6-methyl-5- 
hepten-2-one, at moderate temperatures usually ranging from about O'C to 80*'C, preferably 20 to 

25 60*C, the reaction time ranging from about 1 to 12 hours, and in a relatively low boiling solvent 
such as methylene chloride, tetrahydrofuran, ethanol, isopropanol. tert-butanol. L-menthoI or water, 
or mixtures thereof. The diazo compound may be added as such or, in order to eliminate the 
handling risks associated with its explosive nature, may be generated in situ by reacting an 
acetoammonium salt with sodium nitrite in the presence of the ethylenically unsaturated compound. 

30 When water or an aqueous mixture is selected as the reaction sokent, it is preferable to use a 
cationic metal complex species as the catalytic component, the said cationic species being 
associated with an anion A as described hereinabove. Preferably the molar ratio of the ethylenically 
unsaturated compound to the catalytic component Is In a range from 200 to 2,000, more preferably 
from 250 to 1,500. The molar ratio of the ethylenically unsaturated compound with respect to the 

35 diazo compound is conventional for this kind of reaction, i.e. a molar excess of the former 
compound. The cydopropanatlon of ethylenically unsaturated compounds may optionally be 
cam'ed out in the presence of a tertiary aliphatic amine, such as triethylamine or tri-n-butylamine. or 
a heterocyclic amine such as pyridine or lutidlne as a co-catalyst. The intramolecular 
cyclopropanation of a-diazo carbonyl compounds such as a-diazo ketones or a-diazo-p-ketoesters 

40 may also be performed acccording to similar reaction conditions (temperature, reaction time. 
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substrate/ catalyst ratio) and may result in bicydic molecules wherein the c^clopropyl group may be 
fused to another c^doaliphatic group, e.g. a cydopentanone such as in the synthesis of 
Intermediates of hirsutene or sarkomydn, or a cyclopentyl group when starting from acetylenic a- 
diazo ketones. However, it should be noted that, in accordance with the teachings of Padwa in 

5 Molecules (2001) 6:1-12, the cydisation of an acetylenic chdiazo ketone in the presence of a 
catalytic component of this invention may also lead to the fomnation of other polycydic ring systems 
such as, but not limited to, cydopentanone fused to a furan, an alkenyl-substituted indenone, a 
cydopropyl-substituted indenone, a cydopentazulenone or a cyclopentadiene fused to Indenone. 
The catalytic component of the sixth aspect of this invention is also useful in the 

10 cyclopropenation of alkynes for produdng compounds having one or more cydopropene stmctural 
units in the hydrocarbon chain. This applies in particular to alkynes having a C2.7 alkynyl group 
such as, but not limited to, 1-hexyne, 3,3-dimethyl-1-butyne, phenylacetylene, cydohexylacetylene, 
methoxy-methylacetylene and acetoxymethylacetylene which may be converted In good yields into 
ethylcydopropene-3-carboxylates in the presence of a diazo compound such as, but not limited to, 

15 ethyl diazoacetate, cinnamyl diazoacetate, dicyclohexylmethyl diazoacetate, vinyl diazoacetate, 1- 
diazo-6-methyl-5-hepten-2-one or menthyl diazoacetate. It is also useful in the intramolecular 
cyclopropenation of acetylenic a-diazo ketones, leading for instance to cyclopropenyl-containing 
compounds such as cydopropenyl substituted indenones. 

The catalytic component of the sixth asped of this invention is also useful in quinoline 

20 synthesis through oxidative cydisation of 2-aminobenzyl alcohol with ketones (i.e. the so-called 
Friedlaender reacUon). Such reaction preferably takes place with a molar excess of the said 
ketone, under basic conditions (such as in the presence of an alkali hydroxide), at moderate 
temperatures usually ranging from about 20 to about 100^*0 and optionally in the presence of a 
solvent. Preferably the ratio of the 2-aminobenzyl alcohol to the catalytic component is in a range 

25 from 100 to 2,000, preferably from 200 to about 1,000. A numt>er of alkylarylketones, alkyi 
heteroarylketones, dialkylketones and benzo-fused cydic ketones may be used in this process of 
the invention, induding Ci.yalkylketones wherein the second hydrocadDon attached to the 0x0 
group may be methyl, pentyl, isopropyl, phenethyl, phenyl, toluyl. anisyl, nitrophenyl, 
hydroxyphenyl, fluorophenyl, trifluoromethylphenyl, cyanophenyl, naphtyl, furanyl, thiophenyl. 

30 pyridyl, and the like. Exemplary ketones which may be cydised to quinolines according to this 
embodiment of the invention indude, but are not limited to, acetophenone, 3-methylacetophenone, 
cyclohexanone, 4-phenylcyclohexanone and propiophenone. Other suitable ketones for this 
purpose are as disclosed by Cho et al. in Chem. Commun, (2001) 2576-2577. Unexpectedly, some 
ketones such as cydohexanone may be converted into the corresponding quinoline with a yield 

35 significantly higher, under equh^alent reaction conditions, than achieved by the ruthenium catalyst 
used in the latter publication. 

The catalytic component of the sixth asped of this invention is also useful in the intramolecular 
epoxidation, induding the asymmetric epoxidation, of ethylenically unsaturated compounds, i.e. 
alkenes, for producing the corresponding epoxides Q.e. oxacydopropyl-containing compounds). 

40 Such alkenes indude for instance, but without limitation, styrene and analogues thereof (such as a- 
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methylstyrene, p-chorostyrene, p-trlfluoromethyistyrene and the like) or cholesterol acetate. 
Illustrative olefinic starting reactants useful In the asymmetric epoxidatlon of this invention Include 
those which can be terminally or Internally unsaturated and be of straight chain/ branched chain, or 
cyclic structure. Such olefinic reactants may contain finom 3 to about 40 carbon atoms and may 
5 contain one or more ethylenically unsaturated groups. Moreover, such olefinic reactants may 
contain groups or substituents which do not essentially adversely interfere with the asymmetric 
epoxidation process such as carbonyl, carbonyloxy, oxy, hydroxy, oxycarbonyl, halogen, alkoxy. 
aryi, haioalkyi, and the like. Illustrative olefinic unsaturated compounds include substituted and 
unsubstituted alpha-olefins, internal olefins, alkyi alkenoates, alkenyl alkanoates, alkenyl alkyl 

10 ethers, alkenols, and the like, e.g. propylene, 1-butene, 1-pentene, 1-hexene, 1-octene, 1-decene, 
1-dodecene, 1-octadecene, 2-butene, isoamyiene, 2-pentene, 2-hexene, 3-hexene, 2-heptene, 
cyclohexene, 2-ethylhexene, 3-phenyl-1-propene, 1,4-hexadlene, 1,7-ocladiene. 1,5,9- 
dodecatriene. 3-cyclohexyl-1-butene, allyl alcohol, hex-1-en-4-ol, ocl-1-en-4-ol, vinyl acetate, allyl 
acetate, aryloates such as vinyl benzoate and the like, 3-butenyl acetate, vinyl propionate, allyl 

15 propionate, allyl butyrate, methyl methacrylate, 3-butenyl acetate, vinyl ethyl ether, vinyl methyl 
ether, allyl ethyl ether, n-propyl-7-octenoate, substituted and unsubstituted cfiromenes, 2,2- 
dimethylcydochromene, 3-butenenitrile, 5-hexenamlde, indene, 1 ,2-dihydronaphthalene. 2- 
vinylnaphtalene, norbomene, cis-stilbene, trans-stilbene, p-isobutylstyrene, 2-vinyl-6-methoxy- 
naphthylene, 3-ethenylphenyl phenylketone. 4-ethyIphenyl-2-thienylketone. 4-ethenyl-2-fluoro- 

20 biphenyl, 4-(1m,3-dlhydro-1-oxo-2H-isolndol-2-yI) styrene, 2-ethyl-5-benzoylthiophene , 3-ethenyl- 
phenyl phenylether, lsobutyl-4-propenyIben2ene, phenyl vinyl ether, 2-cyclohenenyl-1.1-dioxolane, 
vinyl chloride, benzopyrane and benzofurane type compounds, and substituted aryl ethylenes such 
as described in U.S. Pat. No. 4,329,507, incorporated herein by reference in its entirety. 
Epoxidation of the invention may be applied to the synthesis of biologically active molecules such 

25 as cis-stilt>ene oxide (a substrate for microsomal and cytosolic epoxide hydrolase) and isoprostane. 

Such epoxidation reaction preferably takes place in the presence of an at least stoechiometric 
amount (with respect to the ethylenically unsaturated compound) of an oxygen atom source or 
oxygen-transfer reagent being relatively unreactive toward olefins in the absence of the catalytic 
system. The said oxygen atom source or oxygen-transfer reagent may be, but without limitation, 

30 selected from the group consisting of NaOCI, iodosylmesitylene, Nal04. NBU4IO4, potassium 
peroxymonosulfate, magnesium monoperoxyphthalate, 2.6-dichloropyridine N-oxide and 
hexacyanoferrate ion. Such epoxidation reaction preferably takes place under conditions and for 
such time as is needed to epoxidize the olefinic unsaturated compound. Such conditions include, 
but without limitation: 

35 - reaction temperatures usually ranging from about -20° C to about 120* C, preferably from 

0** C to 90° C, more preferably from 20 to about 40*'C, and/or 
reaction pressures ranging from about 0.1 to at>out 70 bars, and/or 
conducting the reaction in the presence of a solvent for the catalytic system, preferably a 
relatively low boiling organic soh^ent selected from the group consisting of saturated 

40 alcohols, amines, alkanes, ethers, esters, aromatics and the like, and/or 
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a molar ratio of the ethylenically unsaturated compound to the catalytic component in a 

range from about 200 to about 20,000, preferably from 500 to 10,000, and/or 

a molar excess of the oxygen-transfer reagent with respect to the olefinic unsaturated 

compound. 

5 The catalytic component of the sixth aspect of this invention Is also useful in the oxidation of 

hydrocarbons into alcohols such as, but not limited to, the oxidation of methane (which is known to 
be more drfficult to oxidize than other alkanes) into methanol. Although this process is effective for 
a wide variety of hydrocarbons, it is particulariy effective for the oxidation of straight chain and 
branched chain alkanes and cycloalkanes with 1 to 15 carbon atoms, and arylalkanes such as 

10 toluene, xylene and ethylbenzene. The preferred aliphatic hydrocarbons have 1 to 10 carbon 
atoms, including ethane, propane, butane, isobutane, hexanes, and heptanes; and the preferred 
cyclic hydrocarbons have 5 to 10 carbon atoms such as cyclopentane, cydohexane, cycloheptane, 
cyclooctane and adamantane. This invention is also applicable to a broad range of hydrocarbons 
containing various substituents to enhance the rate of oxidation. Oxidation according to this 

15 invention may be carried out in a liquid phase, mixed solvent system such as water/acetone, 
water/acetonitrile and/or acetic acid, which is inert to the conditions of the reaction and to oxidation 
by molecular oxygen. The temperature can range between 20 and 60 ^'C. The pressure may range 
from 5 to 20 atmospheres. Depending upon whether the hydrocarbon is a solid, liquid or gas, it is 
either dissolved in the mixed solvent system or is bubbled through the solvent together with air or 

20 oxygen before adding the catalytic component of the invention. A concentration ranging from 10"^ 
to 10"^ moles of the catalytic component in solution is usually sufficient to achieve the desired 
oxidation. The reaction time preferably ranges from 30 minutes to 30 hours, more preferably from 1 
to 5 hours. According to another embodiment, the catalytic component of the sixth aspect of this 
invention is also useful in the oxidation of ailylic and benzylic alcohols into carbonyl compounds. 

25 The sixth aspect of the present invention also relates to other atom or group transfer reactions 
such as asymmetric syntheses in which a prochiral or chiral compound is reacted in the presence 
of an optically active, metaNigand complex catalyst, in enantiomerically active fomi, to produce an 
optically active compound. These reactions, which are useful for the production of numerous 
classes of products, e.g. sulfoxides, aziridines, enol esters, nitriles, siianes, silyl ethers, alkanes, 

30 phosphonates, alkylboranes, hydroxycartDonyl compounds, P-cyano carbonyl compounds, carboxyl 
compounds, arylalkenes, heteroaryialkenes, cyclohexenes, 7-oxanorbomenes. aldehydes, 
alcohols, primary or secondary amines, amides and the like, have been listed hereinbefore and will 
be detailed below. 

For instance, the catalytic oxidation of sulfides Onto sulfoxides and sulfones), phosphines Onto 
35 phosphonates), and alcohols or aldehydes into carboxylic adds can be carried out in accordance 
with conventional oxidation procedures known in the art. For example, but without limitation, 
optically active carboxylic adds can be prepared by reacting a racemic aldehyde and an oxygen 
atom source in the presence of an optically active metal complex catalytic system as described 
herein. A number of sulfoxides finding application in the pharmaceutical industry, such as a 
40 quinolone sulfoxide descrit>ed by Matsugi et aL in Tetrahedron (2001) 57:2739 (a platelet adhesion 
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inhibitor), or a pyrazolotriazine sulfoxide described by Naito et ai. in Yakugaku Zasshi (2001) 
121:989 (a drug for the treatment of hyperurecemia and ischemic reperfusion injury), or 
methylphenyl sulfoxide (from methylphenyl thioether) may be made by using such a process step. 
Catalytic hydrocyanation (or cyanohydration) of a-ethylenically unsaturated compounds for 
5 producing saturated nitrites, or alkynes for producing unsaturated nitriles, or a.^unsaturated 
aldehydes or ketones for producing p-cyano carbonyl compounds can be carried out in accordance 
with conventional procedures known in the art. For example, 1 -phenyl propenone may be 
transformed Into 4-oxo-4-phenyl-butanenitrile, or optically active nitrile compounds can be prepared 
by reacting a prochiral olefin and hydrogen cyanide in the presence of an optically active metal 

10 complex catalytic system as described herein. 

Catalytic hydrosilylation of olefins for producing saturated silanes, or alkynes for producing 
unsaturated silanes, or ketones for producing silyl ethers, or trialkylsilyl-cyanation of aldehydes 
(e.g. benzaldehyde) for producing cyanohydrin trialkylsilyl ethers (which may afterwards be 
hydrolysed into cyanohydrins) can be carried out in accordance with conventional proceduiBS 

15 known in the art. For example, optically active silanes or silyl ethers can be prepared by reacting a 
prochiral olefin or ketone or aldehyde together with a suitable silyl compound under conventional 
hydrosilylation conditions in the presence of an optically active metal complex catalytic system 
described herein. Hydrosilylation of olefins, in which a silane reactant RaSiH is added to an 
unsaturated carbon-carbon bond in the presence of a catalyst, as well as hydrosilylation of 

20 carbonyl compounds, including aldehydes, ketones and thioketones, is extensively reported by 
Ojima et al. in " The Chemistry of Organic Silicon Compounds vol. 2 (New York, Wiley and Sons, 
1998), pages 1687-1792. 

Catalytic aziridinatlon of imines or alkenes for producing organic compounds having one or 
more aziridine structural units can be carried out m accordance with conventional procedures 

25 known in the art. For example, prochiral olefins can be converted to optically active aziridines under 
conventional aziridanation conditions in the presence of an optically active metal complex catalytic 
system as described herein. 

Catalytic hydroamidation of olefins for producing saturated amides can be carried out in 
accordance with conventional procedures known in the art. For example, optically active amides 

30 can be prepared by reacting a prochiral olefin, carbon monoxide, and a primary or secondary 
amine or ammonia under conventional hydroamidation conditions in the presence of an optically 
active metal complex catalytic system as descrit>ed herein. 

Catalytic hydrogenation of olefins into alkanes, or ketones into alcohols can be canled out in 
accordance with conventional procedures known in the art. For example, a ketone can be 

35 converted to an optically active alcohol under conventional hydrogenation conditions in the 
presence of an optically active metal complex catalytic system as described herein. Substrates that 
can be hydrogenated in accordance with this embodiment of the invention include, but are not 
limited to, a-(acylamino) acrylic acids (thus enantioselectively providing chiral amino-acids), a- 
acetamidodnnamic acid, a-benzamidocinnamic acid, dehydroamino acid derivatives and methyl 

40 esters thereof, imines, p-ketoesters (such as methyl acetylacetate) and ketones. 
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Catalytic aminolysis or hydroamination of olefins for producing saturated primary or secondary 
amines can t>e carried out in accordance witli conventional procedures known in the art. For 
example, optically active amines can be prepared by reacting a prochiral olefin with a primary or 
secondary amine under conventional aminolysis conditions in the presence of an optically active 
metal complex catalytic system as described herein. The hydroamination reaction may involve a 
silylazlde, e.g., a trialkylsilylazide, and an unsaturated reactant in the form of an alicene or alkyne, 
i.e. the reaction may proceed first through the fomiation of a p-azidoalkylsiiane which can then 
undergo desilylation and reduction of the azide to an amine. Reaction of an alkyne with a 
trialkylsilylazide produces a vinyl silane that can be further employed in a cross-coupling reaction, 
in which reduction of the azide intemiediate is followed by hydrolysis of the resultant imine to give a 
ketone, effectively peri'omiing a regioselective hydration of a disubstituted alkyne. 

The present invenfion is also useful in the silylmetalation of unsaturated compounds, particulariy 
olefins and cartjonyl compounds. The adducts fonmed upon silylmetalation are useful as 
intemiediates in the further synthesis of a variety of compounds. For example, silylboration of a 
ketone produces a silyl ether containing a quaternary carbon-boron bond, and subsequent Suzuki 
cross coupling allows for the Introduction of a variety of aryl, vinyl and alkyi halides. 

The catalytic species of this invention are also applicable to carbometalation reactions such as, 
but not limited to, the addition of silyl cyanides and allyl silanes to cart>onyl compounds and other 
types of unsaturated substrates. For example, the catalyzed reaction of trimethylsilyl cyanide with 
an olefin, followed by protodesilylation, produces the equivalent of a Maricovnikov hydrocyanation 
reaction. Transition metal catalyzed cross-coupling using the catalysts and methods of the 
invention thus provides a stereoselective synthetic route to trisubstituted olefins. Similar reactions 
can be conducted with allyl silanes in which the activation of the silicon-cariDon bond produces a 
siloxymetal aHyl intemiediate that can further react with a variety of functional groups (for example, 
the reaction of an ailyl silane with an olefin, followed by protodesilylation). 

The catalytic species of this invention are also applicable to Suzuki-Miyaura cross-coupling 
reactions such as, but not limited to. the coupling of an aryl bromide (e.g. 4-bromotoluene) with an 
arylboronic acid (e.g. phenylboronic acid). 

Catalytic isomerization of alcohols, preferably allylic alcohols, for producing aldehydes can be 
earned out in accordance with conventional procedures known in the art. For example, allylic 
alcohols can be isomerized under conventional isomerization conditions to produce optically active 
aldehydes in the presence of an optically active metal complex catalytic system described herein. 

Catalytic Grignard cross coupling of alkyI or aryl halides for producing alkanes or arylalkanes 
can be carried out in accordance with conventional procedures known in the art. For example, 
optically active alkanes or arylalkanes can be prepared by reacting a chir^l Grignard reagent with 
an alkyI or aryl halide under conventional Grignard cross coupling conditions in the presence of an 
optically active metal complex catalytic system as described herein. 

Catalytic hydroboration of olefins (such as, but not limited to, 4-methyl-1-pentene) for producing 
alkylboranes and trialkylboranes (which may then be oxidised or hydrolysed into alcohols) can be 
carried out in accordance with conventional procedures known in the art. For example, optically 
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active alkyi boranes or alcohols can be prepared by reacting a prochiral olefin and a borane under 
conventional hydroboration conditions in the presence of an optically active metal complex catalytic 
system as described herein. 

Catalytic hydride reduction of aldehydes and ketones for producing alcohols can be carried out 
5 in accordance with conventional procedures known in the art, i.e. by treating the said aldehyde or 
ketone with a hydride reagent such as sodium borohydride or alithium aluminum hydride. For 
example, pentanal may be reduced into 1-pentanol, cyclobutanone Into cyclobutanol, and 
cyclohexane-1 ,4-dione into 1 ,4-cyclohexanedioL 

Catalytic aldol condensation of saturated carboxyl compounds (aldehydes or ketones) for 

10 producing a,p-unsaturated carboxyl compounds or p-hydroxycarbonyl compounds, and intra- 
molecular aldol condensation of dialdehydes or diones for producing cyclic a.p-unsaturated 
cari^oxyl compounds (aldehydes or ketones) can be earned out in accordance with conventional 
procedures known in the art. For example, optically active aldols can be prepared by reacting a 
prochiral ketone or aldehyde and a protected enol such as a silyl enol ether under conventional 

15 aldol condensation conditions in the presence of an optically active metal complex catalytic system 
as described herein. 

Catalytic codimerization of alkenes for producing higher saturated hydrocarbons or alkynes for 
producing higher alkenes can be earned out in accordance with conventional procedures known in 
the art. For example, optically active hydrocarbons can be prepared by reacting a prochiral alkene 

20 and another alkene under codimerization conditions in the presence of an optically ac^ve metal 
complex catalytic system as described herein. 

Catalytic alkylation, preferably allylic alkylation, of ketones for producing alkylated ketones, 
preferably allylic ketones, can be carried out in accordance with conventional procedures known in 
the art in the presence of a metal complex catalytic system as described herein. Similariy, 1,3- 

25 diphenyl-2-propenyl acetate may be alkylated with a nucleophile such as CH2(C02CH3)2 in the 
presence of the catalytic component of the invention. 

Catalytic Diels-Alder reactions such as, but not limited to, the cycloaddition of a conjugated 
diene onto an a-ethylenically unsaturated compound for producing optionally substituted 
cyclohexenes, or the. cycloaddition of furan onto an a-ethylenically unsaturated compound for 

30 producing optionally substituted 7-oxanort>omenes can be canied out in accordance with 
conventional procedures known in the art in the presence of a metal complex catalytic system as 
described herein. 

Catalytic Michael addition of a ketone or a p-dicart)onyl compound onto an a,p-unsaturated 
carboxyl compound for producing saturated polycarboxyl compounds can be carried out in- 
35 accordance with conventional procedures known in the art in the presence of a metal comply 
catalytic system as described herein, i.e. for example an enolate ion may undergo conjugate 
addition to an a,p-unsaturated aldehyde or ketone, such as for example the addition of acrolein 
onto 2,4-pentanedione (acetylacetone) or 2-methylcydohexanone. With some Michael acceptors, 
such as 3-buten-2-one, the products of the initial addition are capable of a subsequent 
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intramolecular aldol condensation, the so-called Robinson annuiation, e.g. the addition of 3-buten- 
2-one onto 2-methyl(^ciohexanone. 

Catalytic Heck reactions can be carried out In accordance with convenfional procedures known 
in the art in the presence of a metal complex catalytic system as described herein. The standaid 
5 Heck reaction, especially with the metal of the catalytic component being palladium, Involves the 
reaction of an ary! or heteroaryl halide, e.g. 3-bromoquinoHne, with an aikene, commonly an 
acrylate. An oxidative variant of the Heck reaction proceeds from certain heteroqrclic compounds 
such as indoles, furans and thiophenes such as, but not limited to, N-acetyl-3-methylindole. A 
reductive variant of the Heck reaction proceeds from certain 3-acyipyridines, 4-acylpyridines and 

10 acylindoles, e.g. the reaction of 3-acetylpyridine with triethoxysilylethylene. 

The pennlssible prochlral and chiral starting material neactants encompassed by the processes 
of this invention are, of course, chosen depending on the particular synthesis and product desired. 
Such starting materials are well known in the art and can be used in conventional amounts in 
accordance with conventional methods. Illustrative starting material reactants include, for example, 

15 aldehydes (e.g. for intramolecular hydroacylation. aldol condensation, and oxidation into acids), 
prochira! olefins (e.g. for epoxidation, hydrocyanation. hydrosilylation, aziridination. hydroamldation, 
aminolysis. cyclopropa-nation. hydroboration, Dieis-Alder reaction and codimerization), ketones 
(e.g. for hydrogenation. hydrosilylation, aldol condensation, Robinson annuiation, transfer 
hydrogenation and aliylic alkylation), alkynes (e.g. for cyclopropenation), epoxides (e.g. for 

20 hydrocyanation or nucleophilfc ring opening reaction), alcohols (e.g. for cartjonylation), aryl halides 
(e.g. for decart)onylation and Heck reactions), and (*iral Grignard reagents (e.g. for Grignart cross 
coupling). 

In one embodiment of the sixth aspect of the invention, the multldentate ligand and the other 
ligands, in particular L'and L°. are defined as for the main catalytic species of the catalytic system 

15 of the fourth aspect of the invention. Preferably, the mulUdentate figand of the metal complex used 
as a catalytic component is a bidentate ortridentate Schiff base such as defined hereinabove and 
more specifically as illustrated in figure 1. 

In another embodiment of the sixth aspect of the invention, the catalytic component may also be 
a five-coordinate metal complex, a salt, a solvate or an enantiomer thereof, comprising a caribene 

10 ligand. a multldentate ligand and one or more other ligands, wherein at least one of said other 
ligands is a constraint steric hindrance ligand having a pKa of at least 15, this kind of metal 
complex being already described in International Patent Application published as WO 03/062253, 
the content of which is incorporated herein by reference. Within this embodiment, it is especially 
preferred when: 

5 - the metal is a transition metal selected from the group consisting of groups 4. 5. 6. 7, 8. 9, 

10. 11 and 12 of the Periodic Table, more preferably the metal is selected from the group 
consisting of iridium, njthenium. osmium, iron, molybdenum, tungsten, titanium, rtienium, 
technetium, lanthanum, copper, chromium, manganese, palladium, platinum, rtiodium. 
vanadium, zinc, cadmium, mercury, gold, silver, nickel and cobalt; and/or 
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- the multidentate ligand Is a bidentate ligand and the metal complex comprises two other 
llgands. orthe multldentate ligand is a tridentale ligand and the metal complex comprises a 
single other ligand; and/or 

- the carbene ligand is a benzylidene, vinylidene, indenylidene or allenylidene ligand or a 
cumuienylidene ligand, e.g. buta-1,2,3.trienylidene or penta-1 ,2,3.4-tetra-enylidene; and/or 

- one of said other ligands is an anionic ligand, or one of said other llgands is a solvent 
(which may be selected from the group consisting of protic solvents, polar aprotic soh^ents 
and non-polar solvents, including aromatic hydrocarbons, chlorinated hydrocarbons, 
ethers, aliphatic hydrocarbons, alcohols, esters, ketones, amides and water) and the 
complex is a cationic species associated with an anion (which may be selected from the 
group consisting of hexafluorophosphate, hexafluoroantimoniate. hexafluoroareenlate, 
tetrafluoroborate, tetra(pentafIuorophenyl)borate, perchlorate, alkylsulfonates wheiBin the 
alkyi group may be substituted with one or more halogen atoms such as 
trifluoromethanesulfonate, and arylsulfonates); and/or 

- said constraint steric hindrance ligand having a pKa of at least 15 may be a derivative, 
wherein one or more hydrogen atoms is substituted with a group providing constraint steric 
hindrance, of a non-ionic prophosphatrane supert^ase or a N-heterocyclic carbene selected 
from the group consisting of imidazol-2-ylidene, dihydroimida2ol-2-yiidene, oxa20l-2- 
ylidene, triazol-5-yIidene, thia20l-2-ylidene. bisOmidazoline-2-ylidene) bis(imidazolidine-2- 
ylidene). pyn^olylidene, pyrazoiylidene. dihydropynrolylidene, pyrrolylidinylidene and benzo- 
fused derivatives thereof. 

Within this embodiment, more preferably the multldentate ligand is a bidentate Schiff base 
having one of the general fomnulae (lA) or OB) referred to In figure 1. wherein 2, R', R" and R"', and 
optionally R"" and R5, are as defined hereinabove in a specific embodiment of the first and second 
aspects of the present invention. 

In yet another embodiment of the sixth aspect of the invention, the catalytic component may 
also be a tetra-coordinated or penta-cooidinated metal complex, a salt, a solvate or an enantiomer 
thereof, comprising: . 

a tetradentate ligand comprising two Schiff bases, and 

- optionally a solvent ligand (which may be selected from the group consisting of protic 
solvents, polar aprotic solvents and non-polar solvents, including aromatic hydrocarbons, 
chlorinated hydrocarbons, ethers, aliphatic hydrocariaons, alcohols, esters, ketones, 
amides and water), the said metal complex then being associated with an anion (which 
may be selected from the group consisting of hexafluorophosphate, hexafluoroantimoniate, 
hexafluoroarseniate, tetrafluoroborate, tetra(pentafluorophenyOborate, perchlorate, 
alkylsulfonates wherein the alkyI group may be substituted with one or more halogen 
atoms such as trifluoromethanesulfonate, and arylsulfonates), or an anionic ligand (which 
may be selected from the group consisting of C1.20 carboxylate. C1.20 alkoxy, C2-20 
alkenyloxy, C2.20 alkynyloxy. aryloxy, C1.20 alkoxycarbonyl, alkylthio, C1.20 alkylsulfonyl, 
C1.20 alkylsulfinyl C1.20 alkylsulfonate, aiylsulfonate, C1.20 alkylphosphonate. 
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arylphosphonate, Ci-20 alkyl-ammonlum, arylammonium, alkyldiketonate (e.g. 
acetylacetonate), aryldiketonate, halogen, nitro and cyano). 
Tetradentate ligands comprising two Schlff bases being suitable for this embodiment include 
for instance, but without limitation: 

- the N,N,N.O- tetradentate ligands having the general formula QttA) shown in figure 3, 
wherein Ri and R2 are independently selected from the group consisting of hydrogen, 0^20 
alkyi and aryl On particular phenyl, naphthyl and anthracyO, or Ri and R2 together forni a 
homocydic or heterocyclic ring having a total of 3 to 10 atoms, wherein the said Ci_2o alkyI, 
aryl, homocydic and/or heterocyclic groups may be substituted with one or more 
substituents selected from the group consisting of nitro, halogen, C1.7 alkoxy, carboxylate, 
amino, amido, silyl, and siloxyi; each of groups R3 and R13 is a leaving group, e.g. selected 
fipom the group consisUng of hydrogen and C1.20 alkyI; each of groups R4, R5, Re and R7 is 
independently selected from the group consisting of Ci_7 alkyI, aryl, nftro, halogen, 
hydrogen, C1.7 alkoxy, carboxylate, amino; amido, silyl and siloxyi, or two adjacent such 
groups together fonm an optionally substituted homocydic or heterocyclic ring having a 
total of 3 to 10 atoms; each of groups Re, Rg, R10, Rn and R12 is independently selected 
from the group consisting of hydrogen. C1.20 alkyl and aryl (In particular phenyl, naphthyl 
and anthracyl), or Rg and R10 together fonm a homocydic or heterocyclic ring having a total 
of 3 to 1 0 atoms, and/or R^ and R12 together form a homocydic or heterocyclic ring having 
a total of 3 to 10 atoms; the number n of carbon atoms between Ci and C2 is an integer 
from 0 to 2, preferably 0; and Ci and C2 may independently or jointly be part of an aryl 
group; as can easily be understood, each of groups R3 and R13 will be deaved off when 
coordination with the metal occurs. 

- the N,N.N,N- tetradentate ligands having the general fonmula (INB) shown in figure 3, 
wherein Ri and R2 are each independently selected from the group consisting of hydrogen 
and carbon-containing moieties (e.g. benzyl), most preferably having an amino-add side 
chain; each of groups R3, R4, Rg and Re is independently selected from the group 
consisting of organic moieties, preferably a moiety having a ring stmdure, more preferably 
a phenyl group; and G is selected from the group consisting of boron, aryl groups (e.g. 
phenyl or naphtyl), aliphatic saturated (e.g. C1.7 alkylene and C3.10 cydoalkylene) and 
unsaturated (e.g. olefinic) chains; complexes fomried between these ligands and a metal 
selected from the group consisting of ruthenium, osmium, molybdenum, tungsten, titanium, 
rhenium, technetium, lanthanum, chromium, manganese, palladium, platinum, rhodium, 
vanadium, zinc, cadmium, mercury, gold and silver are novel compounds. 

In yet another embodiment of the sixth aspect of the present invention, the catalytic component, 
which is especially useful in metathesis reactions such as ROMP, as well as in atom or group 
transfer radical polymerisation (ATRP) of one or more radically (co)polymerisable monomers, atom 
transfer radical addition (ATRA) and vinylatlon reaction, may also be a tetra-coordinated or penta- 
coordinated metal complex, a salt, a soh/ate or an enantiomer thereof, wherein the metal is 
selected from the group consisting of iridium, ruthenium, osmium, iron, molybdenum, tungsten, 
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titanium, rhenium, technetium, lanthanum, copper, chromium, manganese, palladium, platinum, 
rhodium, vanadium, zinc, cadmium, mercury, gold, silver, nickel and cobalt, the said metal 
complex comprising: 

at least one bidentate phosphine ligand, and 
5 - at least one other ligand being selected finom solvent ligands (In which case the complex is 
a cationic species associated with an anion), anionic ligands and non-anionic ligands. 
Bidentate phosphine ligands suitable for inclusion in the above metal complex have been 
extensively disclosed in U.S. Patent No. 6,037.500, the content of which is incorporated herein by 
reference. An exemplary (but not limiting) bidentate phosphine ligand has the general formula (IIIC) 
10 shown in figure 3, wherein: 

- each R is independently selected from the group consisting of C1-7 alkyi and aryl, 
preferably phenyl, and 

- each cyclic structure represents a ring having 3 to 8 carbon atoms, preferably cyclopentyl 
or cydohexyl, which may be substituted within the ring with one or more atoms or groups 

15 independently selected firom the group consisting of oxygen, sulfur, 0x0, thioxo, NR15 and 

C(Ri5)2, wherein R15 is selected from the group consisting of C1.7 alkyI, halo Cw alkyI, aryl 
and arylalkyl. 

As is taught in U.S. Patent No. 6,037,500. especially figures 3-5 and 7 thereof, the number of 
atoms between the phosphorus atoms of the two phosphine groups of the said bidentate ligands is 

20 not necessarily 4 as shown in fomriula (IMC) but may also be 3 (spiro phosphines) or 2 (in which 
case the phosphorus atoms of the two phosphine groups may be linked with each other through a 
bismethylene or arylene. preferably phenylene, linking group) or else may be higher than 4 (for ; 
instance with the said phosphorus atoms being linked with each other through a ferrocene group). 
In particular, the metal complex of this embodiment may Include two bidentate phosphine 

25 ligands, the said metal complex then being a cationic species associated with an anion (which may 
be selected from the group consisting of tetrafluoroborate, tetra(pentafluorophenyl)borate, 
perchlorate, antimoniohexafluoride, alkylsulfonates wherein the alkyI group may be substituted with 
one or more halogen atoms such as trifluoromethanesulfonate. and arylsulfonates). Such 
complexes are novel and may easily be made by reacting at least 2 moles of the bidentate 

30 phosphine ligand with one mole of a cationic metal complex including two non-anionic bidentate 
ligands such as described hereinabove, in association with the aforesaid anion. 

Alternatively, the metal complex of this embodiment may include a single bidentate phosphine 
ligand in association with either (i) two solvent ligands (which may be selected from the group 
consisting of protlc soh^ents, polar aprotic solvents and non-polar solvents, including aromatic 

35 hydrocarisons, chlorinated hydrocarbons, ethers, aliphatic hydrocarbons, alcohols, esters, ketones, 
amides and water) or (ii) two anionic ligands such as described hereinabove and optionally a 
non-anionic ligand such as an aryl group or Qil) a single anionic ligand such as L"* described 
hereinabove (in which case the said metal complex is then a cationic species associated with an 
anion such as decribed above) or (iv) a single non-anionic bidentate ligand such as On which 

40 case the said metal complex is then a cationic species associated with an anion A such as 
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decribed above). Ail of the latter alternatives are novel complexes when the metal is selected from 
the group consisting of osmium, iron, molybdenum, tungsten, titanium, rhenium, technetium, 
lanthanum, copper, chromium, manganese, vanadium, zinc, cadmium, mercury, gold, silver, niclcel 
and cobalt. The alternative (i) hereinabove also relates to novel complexes when the metal is 
5 selected from the group consisting of rhodium, ruthenium, palladium and platinum. 

The catalysts of the present invention thus have utility In the whole range of chemical reactions 
and processes listed and explained in detail hereinbefore. Due to this advantageous versatility, 
they may be used in the manufacture of intennediates in a variety of agrochemicals or 
therapeutically active substances belonging to various therapeutic classes such as, but not limited 
10 to, naproxen (an anti-inflammatory agent); prostaglandins; alkaloids; morphine and salts thereof; 
morphine analogues including morphinan, benzylmorphin and methoxy-N-methylmorphinan 
(dextromethorphan); levamisole (an anthelmintic); levofloxadn; indinavir (a HIV protease inhibitor); 
or intemiediates in a variety of synthetic finagrances such as. but not limited to, citronellol. 

In a seventh aspect, the invention further provides an at least penta-coordlnated metal complex. 
15 a salt, a soh^ate or an enantiomer thereof, comprising: 

a tetradentate ligand comprising two SchifT bases, wherein the nitrogen atoms of said two 
Schiff bases are linked with each other through a C1-7 alkylene or arylene linking group A; 
and 

one or more non-anionic ligands selected from the group consisting of 0) imidazoles and 
20 trisubstituted phosphines PR3 wherein R is a radical selected from the group consisting of 

C1.7 alkyl. C3-10 cycloalkyi, aryl and heteroaryl; and 00 aromatic and unsaturated 
cycloaliphatic groups, preferably aryl. heteroaryl and C4.20 (ycloalkenyl groups, wherein the 
said aromatic or unsaturated cycloaliphatic group is optionally substituted with one or more 
C1.7 alkyl groups or electron-withdrawing groups such as, but not limited to, halogen, nitro, 
25 cyano. (thio)carboxylic add, (thio)carboxylic acid (thio)ester, (thio)carboxylic add 

(thio)amide, (thio)carboxylic add anhydride and (thio) carboxylic add halide. 
Each of the substituting radicals R and the ligand may, independently from each other, 
be any of the above-mentioned groups with any of the substituents listed for such groups, induding 
any of the individual meanings for such groups or substituents which are listed in the definitions 
30 given hereinabove. Preferably the non-anionic ligand has constraint steric hindrance such as. 
but not limited to. mono- or polysubstituted phenyl, e.g. xylyl, cumenyl, cymenyl or mesityl. 
Preferably the substituting radicals R also have consti-aint steric hindrance such as. but not limited 
to, phenyl or cyclohexyl. 

The at least penta-coordinated metal complex according to this seventh aspect of the invention 
35 preferably is a monometallic complex. Preferably the metal is a transition metal seleded from the 
group consisting of groups 4. 5. 6, 7. 8. 9, 10, 11 and 12 of the Periodic Table. More preferably the 
said metal is selected from the group consisting of iridium, ruthenium, osmium, iron, molybdenum, 
tungsten, titanium, rhenium, technetium, lanthanum, copper, chromium, manganese, palladium, 
platinum, rhodium, vanadium, zinc, cadmium, mercury, gold, silver, nickel and cobalt 
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In a specific embodiment of such at least penta-coordinated metal complexes, each said non- 
anionic ligand may be is cymene. The C1.7 alkylene or arylene linking group A may be 
substituted with one or more substituents preferably selected from the group consisting of chloro, 
bromo, trifluoromethyl and nitro. Preferably the alkylene or arylene linking group A, together 
5 with the two linked nitrogen atoms, is derived from o-phenylenediamine, ethylenediamine, 1,3- 
diaminopropane, 1 ,4-diaminobutane, 1,S-diamlnopentane, 1.6-diamlnohexane or 1.7- 
diaminoheptane. Also preferably, each Schiff base of the tetradentate ligand is derived from 
salicylaldehyde or acetylacetone, wherein the salicytidene or acetylidene group included in each 
such Schiff base may be substituted with one or more substituents preferably selected from the 

10 group consisting of chloro, bromo, trifluoromethyl and nitro. 

Suitable but non limiting examples of tetradentate ligands for this seventh aspect of the 
invention have one of the general fomnulae (IIA), (IIB) and (IIC) shown in figure 2. More specific 
examples include the so-called salen O-^- bisCsaticylaldehyde) ethylenediamine), saloph Q.e. 
bis(salicylaldehyde)o-phenylenedfamine), hydroxy-acetoph, and accac (i.e. bis(acety)acetone) 

15 ethylenediamine) ligands. and substituted derivatives thereof. In fomiulae (IIA) and (IIC), the 
substituents X are preferably selected from the group consisting of chloro, bromo, trifluoromethyl 
and nitro. In fonmula (IIB), the substituents Y are preferably selected from the group consisting of 
chloro, bromo, trifluoromethyl and nitro, and the substituents X are preferably selected from the 
group consisting of hydrogen, methyl, fluoro, chloro, bromo, trifluoromethyl and nitro. In fonmula 

20 (IIA) the substituents Y are preferably selected firom the group consisting of hydrogen and methyl. 
A prefened tetradentate ligand is y\(yv-bis(5-nftrci-5alicy(rdene)-ethylenediamine. Other suitable 
ligands include N.N -1 ,2-cyclohexylenebis(2-hydroxyacetophenonylideneimine), 1 ,2- 
diphenylethylenebis(2-hydroxy-acetophenonylideneimine) and 1 ,1 -binaphtalene-2,2'-diaminobis(2- 
hydroxyaceto-phenonylideneimine), all being described in Molecules (2002) 7:511-516. 

25 The at least penta-coordinated metal complex according to this seventh aspect of the invention 
may be made by reacting a suitable tetradentate ligand such as defined hereinabove with a 
preferably bimetallic complex of the desired metal, more preferably a homobimetallic complex 
wherein the desired metal is coordinated with a non-anionic ligand and at least one anionic 
ligand, such as [RuCl2(p-cymene)]2, [RuCl2(COD)]2 or [RuCl2(NBD)]2, wherein COD and NBD 

30 respectively mean cyclooctadiene and norbomadiene. 

In an eighth aspect, his invention also provides a catalytic system comprising: 

(a) as the main catalytic species, an at least penta-coordinated metal complex 
according to the seventh aspect described hereinabove, and 

(b) one or more co-catalysts or initiators for the main catalytic species. 

35 The co-catalyst or Initiator may be selected from amines, preferably secondary amines; 
organoaluminum compounds; and Initiators having a radically transferatHe atom or group. 

The initiator having a radically transferable atom or group may prBferaWy be selected firom the 
group of initiators having the fonmula R35R36R37CX1 wherein: 

Xi is selected from the group consisting of halogen, OR38 (wherein Rss is^elected from 
40 20 alkyl. polyhaloCi.2oalkyl. C2-20 alkynyl (preferably acetylenyl), C2-20 alkenyl (preferably 
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vinyl), phenyl optionally subsUtuted with 1 to 5 halogen atoms or alkyl groups and 
phenyl-substituted alkyO, SR39, OC(=0)R39. OP(=0)R39, OP(=0)(OR39)2. OP(=0)OR39, 
0-N(R39)2 and S-C(=S)N(R39)2, wherein R39 is aryl or Ci.20 all^I, or where an N(R39)2 
group is present, the two R39 groups may be joined to fbnm a 5-, 6- or 7-membered 
5 heterocyclic ring On accordance with the definition of heteroaryl above), and 

R35. R36 and R37 are each independently selected from the group consisting of hydrogen, 
halogen, C1.20 alkyl (preferably alkyl). Cs^ cycloalkyi, C(=O)R40, (wherein R40 is 
selected from the group consisting of C1.20 alkyl, C1.20 alkoxy, aryloxy or heteroaryloxy), 
C(=0)NR4iR42 (wherein R41 and R42 are independently selected from the group consisting 
10 of hydrogen and 0^20 alkyl or R41 and R42 may be joined together to fomri an alkylene 

group of 2 to 5 carbon atoms). COCI. OH, CN. C2.20 alkenyl (preferably vinyl). C2.20 alkynyl, 
oxiranyl, glycidyl. aryl, heteroaiyl, aiylalkyi and aryl-substituted C2-20 alkenyl. 
In a ninth aspect, this invention also provides a supported catalyst for use in a heterogeneous 
catalytic reaction, comprising: 
15 (a) a catalytically active at least penta-coordinated metal complex according to the 

seventh aspect or a catalytic system according to the eighth aspect described 
hereinabove, and 

(b) a supporting amount of a carrier suitable for supporting said catalytically active 
metal complex or catalytic system (a). 
20 Said earner may be selected from the group consisting of porous inorganic solids, such as 
amorphous or paracrystalline materials, crystalline molecular sieves and modified layered materials 
including one or more inorganic oxides, and organic polymer resins, all of them being as defined 
hereinabove with respect to the fifth aspect of the invention. 

The at least penta-coordinated metal complex according to the seventh aspect of the invention 
25 is useful as a catalytic component in a reaction involving the transfer of an atom or group to an 
olefin or another reactive substrate. For instance the said reaction comprises the step of reacting 
the olefin or reactive substrate with a second substrate under suitable reaction conditions in the 
presence of the said catalytic component, the second substrate being a suitable donor for the atom 
or group to be transfenred. More specifically, the said reaction may be, but without limitation, 
30 selected from the group consisting of: 

atom or group transfer radical polymerisation of one or more radically (co)polymerisable 
monomers, especially mono- and diethylenically unsaturated monomers; 
- atom transfer radical addition (the latter being as explained in the background of the 
invention), e.g. the addition of a polyhalomethane having the fomiula CXnH4^. wherein X is 
35 halogen and n is an Integer from 2 to 4, onto an ethylenlcally unsaturated compound to 

produce the corresponding saturated polyhalogenated adduct, including for instance the 
addition of carbon tetrachloride or chlorofonm onto an o-olefin; 

vinylation reaction, i.e. the roacQon of a mono- or di-alkyne (e.g. phenylacetyiene or 1 ,7- 
octadiyne) with a monocarboxylic add (e.g. formic add or acetic add) or dicarboxylic add 
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to produce alk-1-enyl esters or end esters or Markovnikov adducls or anti- Markovnikov 
adducts or mixtures thereof 

cyclopropanatlon of an a-ethylenically unsaturated compound for producing an organic 
compound having one or more cyclopropane structural units; 

quinoline synthesis through oxidative cyclisation of 2-aminobenzyl alcohol with ketones; 
epoxidation of a-ethylenically unsaturated compounds for producing epoxides; 
oxidation of organic compounds Including the oxidation of saturated hydrocarbons (such 
as, but not limited to, methane) for produdng alcohols, or sulfides for producing sulfoxides 
and sulfones, or phosphines for producing phosphonates, or alcohols and aldehydes for 
producing cart)Oxylic acids; 

cyclopropenation of an alkyne for producing an organic compound having one or more 
cyclopropene stmctural units; 

hydrocyanation of a-ethylenically unsaturated compounds for producing saturated nitriles, 
or alkynes for producing unsaturated nitriles, or a.p-unsaturated aldehydes or ketones for 
producing p-cyano carbonyl compounds; 

hydrosllylation of olefins for producing saturated silanes, or all^nes for producing 
unsaturated silanes, or ketones for producing silyl ethers, or trimethylsilylcyanatlon of 
aldehydes for producing cyanohydrin trimethylsilyl ethers; 

aziridination of imines or alkenes for producing organic compounds having one or more 
aziridine structural units; 

hydroamidation of olefins for producing saturated amides; 
hydrogenation of olefins for producing alkanes, or ketones for producing alcohols; 
aminolysis and hydroamination of olefins for producing saturated primary or secondary 
amines, and hydroamination of alkynes for producing unsaturated amines; 
isomerisation of alcohols, preferably allyllc alcohols, for producing aldehydes; 
Grignard cross-coupling of alkyi or aryl halides for producing alkanes or arylalkanes; 
hydro boration of olefins for producing alkylboranes and trialkylborBnes; 
hydride reduction of aldehydes and ketones for producing alcohols; 
aldol condensation of saturated carboxyl compounds (aldehydes or ketones) for producing 
a,p-unsaturated carboxyl compounds or p-hydroxycarbonyl compounds, and intra- 
molecular aldol condensation of dialdehydes or diones for produdng cyclic a,p-unsaturated 
cartwxyl compounds (aldehydes or ketones); 

Michael addition of a ketone or a p-dicarbonyl compound onto an a,p-unsaturated carboxyl 
compound for producing saturated polycai1)oxyl compounds; 

Robinson annulation, i.e. Michael addition followed by an intramolecular aldol 
condensation, of a ketone onto an a,p-unsaturated carboxyl compound for produdng 
saturated polycydic cart)oxyl compounds being suitable intenmedlates for steroids and 
other natural products containing six-membered rings; 
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- Heck reactions, i.e. the reaction of an aryl halide or a 1-hetero-2,4-cyclopentadiene (or a 
benzo-fused derivative thereof) with an a-ethylen!cally unsaturated compound for 
producing arylalkenes or heteroarylalkenes; 

- codimerisation of alkenes for produdng higher saturated hydrocart>ons or alkynes for 
5 producing higher alkenes; 

hydroxylation of olefins for producing alcohols; 

- alkylation. preferably allylic alkylation, of ketones for producing alkylated ketones, 
preferably allylic ketones; 

Diels-Alder reactions such as, but not limited to, the cycloaddrtion of a conjugated diene 
10 onto an a-ethylenically unsaturated compound for producing optionally substituted 

cyclohexenes, or the c^cloaddition of furan onto an a-ethylenically unsaturated compound 
for producing optionally substituted 7-oxanorbomenes; 
Suzuki-Miyaura cross>coupling reactions; 

- silylmetalation of unsaturated compounds, particularty olefins and cartx^nyl compounds; 
15 and 

- carbometalation reactions of silyl cyanides and allyl silanes with carbonyl compounds and 

olefins. 

Each of the above synthetic reactions should be understood as expessed in detail hereinabove 
with respect to the sixth aspect of the present Invention. 
20 In still another aspect, this invention provides useful catalysts species being penta-coordinated 

metal complexes, salts, soh^ates or enantiomers thereof, comprising: 

- a bidentate Schiff base ligand (such as above defined), 

- an anionic ligand (such as above defined), 

a non-anionic ligand (such as above defined), and 

25 - a Rscher carbene ligand. 

Fischer carbene ligands are well known In the art and are consistently defined, e.g. in 
http://www.ilpl.com/origanomet/carbene.html and in http://www.chemistry.ucsc.edu/-claude 
/Fischer.html, as including a pi-donor group. Preferably in this aspect of the present invention, 
said pi-donor group should be selected from the group consisting of C1.7 alkoxy, C3_io 

30 cycloalkoxy, aryloxy, aryialkyloxy, heterocyclic-substituted alkyloxy. thio C1.7 alkyi, thio C3.10 
cycloalkyl. thioaryl, arylalkylthio and heterocyclic-substltuted alkylthio. More preferably the 
Fischer carit)ene ligand in this aspect of the present invention should be a C1.7 alkoxyvinylidene, 
most preferably ethoxyvinylidene. Preferably in this aspect of the present invention, the 
bidentate Schiff base ligand has one of the general fonmulae (lA) or (IB) referred to in figure 1, 

35 wherein: 

- Z is selected from the group consisting of oxygen, sulphur, selenium, NR"", PR"", AsR"" 
and SbR"", wherein R"" Is a radical selected from the group consisting of hydrogen, C1.7 
alkyl. Cs-io cydoallQfl, aryl and heteroaryl; 

R" and R"' are each a radical Independently selected from the group consisting of 
40 hydrogen. alkyl. cycloalkyl, aryl and heteroaryl, or R" and R"' together fonn an aryl 
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or heteroaryl radical, each said radical being optionally substituted with one or more, 
preferably 1 to 3, substituents R5 each independently selected from the group consisting of 
halogen atoms, C1.7 alkyi, Ci_7 alkoxy, aryl, alkylsulfonate, aiylsulfonate, alkylphosphonate, 
arylphosphonate, alkylammonium and arylammonium; and 

R' is either as defined for R" and R'" when included in a Schiff base having the general 
formula (lA) or, when included in a Schiff base having the general fonmula (IB), is selected 
from the group consisting of C1.7 alkyiene and C3.-10 cycloalkylene, the said alkylene and 
cycloalkylene group being optionally substituted with one or more substituents R5. 
Preferably in this aspect of the present invention, the non-anionic ligand is selected from the 
group consisting of trisubstituted phosphines PR3 wherein R is a radical selected from the group 
consisting of alkyl, C3.10 cydoalkyl. aryl and heteroaryl. Also preferably in this aspect of the 
present invention, the anionic ligand is selected from the group consisting of C1.20 carboxylate, C1.20 
alkoxy, C2.20 alkenyloxy, C2.20 alkynyloxy, aryloxy, C1.20 alkoxycarbonyl, C1.7 alkylthio, C1.20 
alkylsulfonyl, C1.20 aikylsulfinyl C1.20 alkylsulfonate, arylsulfonate, C1.20 alkylphosphonate, 
arylphosphonate, C1.20 alkylammonium, arylammonium, alkyldiketonate, aryldiketonate, halogen, 
nitro and cyano. 

Representative examples of Fischer carbene containing penta-coordinated metal complexes 
include, but are not limited to, complexes such as: 

chloro-tricyclohexylphosphino-ethoxyvinyndene-N,0[N-(4-bromo-2,6Klimethylphenyl)-((2- 
phenoxy)-l-phenyl)iminomethane]-ruthenium, 

chloro-tricyclohexylphosphino-ethoxyvinylidene-N,0[N-(4-bromo-2,6<limethylphenyi)--((2- 
phenoxy-5-nitro)-1-phenyI)iminomethane]-ruthenium, 

chloro-ti1cyclohexylphosphino-ethoxyvinylidene-N.O[N-(2,6-diisopropylphenyl)-((2- 
phenoxy)-1-phenyl)iminomethane]-ruthenium, 

- toluyl-tiicyclohexylphosphino-ethoxyvinylidene-N,0[N-(4-bromo-2,6-dimethylphenyl)-((2- 
phenoxy)-1 -phenyl)iminomethane]-ruthenium tetrafluoroborate, 

- toluyl4ricyclohexylphosphino-ethoxyvinylldene-N,0[N-(4-bromo-2,6-dlmethylphenyl)-((2- 
phenoxy-5-nitro)-1-phenyI)iminomethane]-ruthenium tetrafluoroborate, and 

- toIuyl-tricyclohexylphosphino-ethoxyvinylidene-N,0[N-(2.6-diisopropylphenyl)-((2- 
phenoxy)-1 -phenyl)iminomethane]-ruthenium tetrafluoroborate. 

Such Fischer carbene containing penta-coordinated metal complexes proved to be efficient as 
catalytic components for perfomiing reactions involving the transfer of an atom or group to an olefin 
or another reactive suk>strate (such reactions being as illustrated above), especially in the atom 
transfer radical polymerisation of monomers like styrene and (meth)acrylates. 

In still another aspect, this invention provides useful catalysts species being penta-coordinated 
metal complexes, salts, solvates or enantiomers thereof, comprising: 

(a) an anionic ligand (such as above defined), 

(b) a non-anionic ligand (such as above defined), 

(c) a carbene ligand, and 
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(d) a bidentate Schiff base Ijgand having one of the general formulae (lA) or (IB) refen^d to in 
figure 1, wherein: 

- Z is selected from the group consisting of NR"". PR"", AsR"" and SbR"", wherein R"" is a 
group containing a temiinal silyl moiety such as, but not limited to, (tri C1.7 alkoxysilyl) 
alkyi; 

- R" and R"' are each a radical independently selected from the group consisting of 
hydrogen, alkyI, cycloalkyi, aryl and heteroaryl, or R" and R'" together fomi an aryl 
or heteroaryl radical, each said radical being optionally substituted with one or more, 
preferably 1 to 3, substituents R5 each independently selected from the group consisting of 
halogen atoms, alkyl. C^y alkoxy, aryl, alkylsulfonate. arylsulfonate, alkylphosphonate, 
arylphosphonate. alkylammonium and arylammonium; and 

- R' is either as defined for R" and R"' when included in a Schiff base having the general 
fomnula (lA) or. when included in a Schiff base having the general fomiula (IB), is selected 
from the group consisting of C1.7 alkylene and C3-10 cycloalkylene. the said aikylene and 
cycloalkylene group being optionally substituted with one or more substituents R5. 

As Illustrated in the examples below, metal complexes according to this aspect of the present 
invention may be monometallic or bimetallic. They may also be grafted to a suitable carrier such as 
a porous inorganic solid. Metal complexes according to this aspect of the present invention proved 
to be efficient as catalytic components for perfonning olefin or acetylene metathesis reactions such 
as, but not limited to, RCM and ROMP. 

In still another aspect, this invention provides useful catalysts species being penta-coordinated 
metal complexes, salts, solvates or enantiomers thereof, comprising: 

(e) an anionic ligand (such as atK>ve defined), 

(f) a non-anionic ligand (such as above defined), 

(g) a bidentate Schiff base ligand, and 

(h) a carbene ligand having a terminal hydrocarbylsilyl group such as, but not limited to. trialkylsllyl 
(e.g. trimethylsilyl), triarylsilyl and tricydoalkylsilyl. 

Metal complexes according to this aspect of the present Invention proved to be efficient as catalytic 
components for perfonming olefin or acetylene metathesis reactions such as, but not limited to, 
RCM and ROMP. 

The present invention will now be further explained by reference to the following set of 
examples which should be understood as merely illustrating various embodiments of the invention 
without limiting the scope thereof. 

EXAMPLES 1-A to 1 -E - preparation of Schiff base lioands 

Schiff base ligands were prepared and purified as follows. Condensation of a salicylaldehyde 
(10 mmole) with a suitably substituted aniline was carried out with stirring in 40 ml methanol at 
reflux temperature during 4 hours. After cooling at "18**C for 24 hours, the crystals formed were 
filtered and washed with cold ethanol. then dried in vacuo at 40**C during 4 hours to afford with the 
following yields the desired salicylaldimine ligands. Each ligand (fonnula given hereunder) was 
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characterized by means of proton nudear magnetic resonance (hereinafter referred as NIMR. 
perfomned at 300 IWIHz with CsDe at 25"C). carbon NIMR (peifonned at 75 IVIHz with CeDe) and 
infrared spectrophotometry (IR. performed with CCI4), as foiiovyfs: 

- N-(2,6-diisopropylphenyl)-2-hydroxy-3-tertbiJtyl-1-phenylmethaneimine (Schiff base 1-A) 
obtained (yellow-orange oil, 2.9 g, yield 87 %) from 1.71 ml 3-feAf-butyl-2-hydnoxy- 
t>enzaldehyde and 1 .88 ml 2,6-diisopropylaniline. 

^H-NIWIR: 5 12.24 (s. 1H), 9.19 (s. 1H), 7.34-6.67 (m. 6H). 2.96 
(sept, 2H), 1.56 (s. 9H) and 1.31 (d. 12H) ppm; ^^C-NMR: 6 
167.4, 160.3, 146.0, 138.8, 137.5, 130.4, 125.3, 123.0, 118.6. 
118.3. 109.2, 34.9, 28.0 and 23.2 ppm; IR: 3451 (OH), 3056, 
2962 (IBu). 2927, 2870. 1626 (C=N), 1579. 1494, 1437, 1396. 
1385. 1359, 1318. 1278. 1109. 1060. 906. 844. 813, 781, 759. 
741 , 701 . 560 and 462 an\ 



N-(4-bromo-2.6-dimethyl)-2-hydroxy-3-tertbiityl-1-phenylmethaneimine (Schiff base 1-B) 
ot>tained (yellow oil, 2.8 g, yield 79 %) from 1.71 ml 3-fe/f-butyl-2-hydroxybenzaldehyde 
and 2 g 4-bromo-2,6-dimethylaniline. 

^H-NMR: 6 12.35 (s, 1H), 8.3 (s, 1H), 7.45 (d, 1H), 7.25 
(s. 2H), 7.18 (d, 1H), 6.9 (t, 1H), 2.15 (s, 6H) and 1.6 (s, 
9H) ppm; "C-NMR: 5 168.2. 161.3. 147.3, 139.0. 138.0. 
130.9. 126.3. 123.9. 118.7, 118.0, 110.1. 35.1. 28.5. 23.8 
ppm; IR: 3450 (OH), 3057. 2964 (tBu). 2928. 2888, 1627 
(C=N). 1578, 1496, 1438, 1386, 1360. 1320. 1280, 1212, 
° 1174, 1109. 1097 1061, 989.7, 844, 813, 800, 782. 759. 

739, 701 , 623, 560. 534. 462 and 418 cm\ 

N-(4-bromo-2,6-dimethylphenyl)-2-hydroxy-1-phenylmethaneimine (Schiff base 1-C) 
obtained (yellow powder, 2.83 g, yield 93 %) from 1.065 ml sali(^laldehyde and 2 g 4- 
bromo-2.6-dimethyianiline. 

^H-NMR: 6 12.85 (S, 1H), 8.32 (s, 1H), 7.30-7.15 (m, 6H) 
and 2.21 (s, 6H) ppm; "C-NMR: 5167.0, 160.9. 148.3, 
138.9, 133.4. 132.1. 130.8. 130.3, 119.0, 117.6, 117.2 and 
19.0 ppm; IR: 3350. 3065. 3031. 2942, 2930, 2860. 1620 
(C=N), 1570. 1526. 1489. 1461 and 1109 an\ 





- N-(4-bromo-2.6-dimethylphenyl)-2-hydraxy-4-nitro-1-phenylmethaneimine (Schiff base 1-D) 
obtained as a daric yellow powder from 1.67 g 4-hydroxy-3-nitrobenzaIdehyde and 2 g 4- 
40 bromo-2,6-dimethylaniline. 
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^H-NMR: 13.96 (s, 1H), 8.41 (s, 1H), 8.35 (d. 1H), 8.30 
(d, 1H), 7.28 (s, 2H), 7.13 (d, 1H) and 2.19 (s. 6H) ppm; ^^C- 
NMR: 5 166.4, 165.5. 145.6. 139.8, 132.0, 130.4, 128.7. 128.5, 
118.6, 118.3, 117.1, and 18.1 ppm; IR: 3459 (OH), 3086. 
3059, 2987, 2967, 2932, 1619 (C=rsO. 1581, 1523, 1480, 1458, 
1340 (NO2), 1300, 1177, 1095. 983. 937, 853. 832, 798. 772, 
751. 731. 716. 659. 633, 567 and 464 cm\ 



10 - N-(2,6-<liisopropyIphenyI)-2-hydroxy-4-nitro-1-phenylmethaneimine (Schiff base 1-E) 

obtained as a yellow powder from 1.065 ml salicylaldehyde and 1.88 ml 2,6- 
diisopropylaniline. 

^H-NMR: 13.16 (s, 1H). 8.34 (s, 1H). 7.46 (d. 1H). 7.40 
(t. 1H). 7.22 (bs. 3H), 7.10 (d, 1H), 6.99 (t, 1H). 3.20 (sept. 2H) 
and 1.20 (d. 12H) ppm; ^^C-NMR: 5 166.4. 161.0, 145.9. 138.4, 
133.0, 132.0, 125.3. 123.0, 118.8, 118.4. 117.1. 27.9 and 23.3 
ppm; IR 3330 (OH). 3080, 3055, 2982. 2970. 2930. 1608 (C=N). 
1581, 1520. 1477. 1454, 1323, 1301, 1170, 1090, 980. 935. 850, 
835, 796. 770 and 751 cm \ 

£ 

EXAMPLES 2 to 8 - preparation of Schiff base substituted mthenium complexes 

Ruthenium complexes with Schiff bases from examples 1-A to 1-E were prepared in three 

25 steps and purified as follows. In a first step, to a solution In THF (15 ml) of the appropriate Schiff 
base (3 mmole), a solution of thallium ethoxide In THF (5 ml) was added dropwise at room 
temperature. Immediately after addition, a pale yellow solid was fonned and the reaction mbdure 
was stirred for 2 hours at 20*'C. 

To a solution of the said salicylaldimlne thallium salt in THF (5 mi) was added a solution of 

30 [RuCl2(p-cymene)]2 in THF (5 ml), then the reaction mixture was stirred at room temperature (20°C) 
for 6 hours. The thallium chloride by-product was removed via filtration. After evaporation of the 
solvent, the residue was recrystallized at O^C from a dichloromethane/pentane mixture. The 
resulting product was then dissolved in dry ether (15 ml) and cooled down to 0°C. 

In a third and last step, to the said ether solution was slowly added a solution of 

35 methyllithium (2.3 ml, 1.4 M in ether) or phenylmagnesium chloride (1.75 ml, 2 M in THF) or 
pentafluorophenylmagnesium chloride (7 ml. 0.5 M in ether), respectively. The reaction mbcture 
was then slowly wanned up the room temperature and was stirred for 4 hours. The salt formed was 
filtered and the solvent removed. After recrystallization from ether/pentane, complexes having the 
following fomiulae were obtained with yields ranging from 60 to 70% and characterized by means 
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Of proton nuclear magnetic resonance (hereinatter referred as NMR, pertbnned at 300 MHz with 
CsDe at 25°C), carbon NIWIR (perfonmed at 75 MHz with CeDs) and infrared spectrophotometry (IR, 
performed with CCI4), as follows: - — - 



example 2 (obtained from Schiff base 1-C and methyllithium): 

^H-NMR: 9.81 (s, IN). 7.10-6.80 (m, 6 H). 1.33 (s. 6H); 5.48 (d, 1H). 
^ 5.34(d, 1H). 4.48 (d.1H). 4.36 (d.1H), 2.90 (sept, 1H). 2.16(5. 3H). 
1.26 (d. OH) and 0.10 (s. 3H) ppm; IR (KBr) 3051, 2957, 2923. 2853, 
1920. 1670. 1596. 1564. 1516. 1462. 1447. 1372. 758 cm'^ 



Me 
Me 



jvie 




example 3 (obtained from Schiff base 1-E and methyllithium): 

15 ^H-NMR: 9.70 (s, 1H). 7.3-7.0 (m, 7 H), 3.00 (sept. 2H). 1.12 (d. 12 H); 
5.43 (d. 1H), 5.30 (d. 1H). 4.47 (d, 1 H). 4.33 (d, 1H). 3.10 (sept, 1H). 
2.11 (s, 3H). 1.22 (d, 6H) and 0.22 (s, 3H) ppm; IR: 3052, 2980, 2970, 
2924, 1602. 1583. 1514. 1470. 1451. 1333. 1300, 1087, 976. 930. 850. 
830. 796 and 750 cm"" 



■ example 4 (olrtained from Schiff base 1-B and methyllithium): 

^H-NMR: 9.27 (s, 1H). 7.2-7.75 (m, 6 H), 3.00 (sept. 2H). 1.12 (d. J = 
6.5 Hz, 12 H); 5.43. 4.70 4.44. 4.37. (d, 4H). 3.14 (sept, 1H), 2.08 (s, 
3H), 1.30 (d, 6H) and 0.13 (s. 3H) ppm; IR: 3052. 2980, 2970, 2924. 
1602, 1583, 1514. 1470. 1451. 1333. 1300. 1087, 976, 930. 850, 830, 
796 and 750 cm"^ 



• example 5 (obtained from Schiff base 1-A and phenylmagnesium chloride): 





^H-NMR: 9.70 (s. 1H). 7.3-7.0 (m. 7 H). 3.00 (sept, 2H). 1.12 (d, J =6.5 
Hz, 12 H); 5.43 (d, 2H). 5.30(d, 2H). 3.10 (sept, 1H), 2.11 (s. 3H), 1.22 
(d, 6H) and 0.22 (s, 3H) ppm; IR: 3052, 2980, 2970, 2924, 1602, 1583, 
1514, 1470, 1451, 1333. 1300. 1087. 976. 930, 850, 830. 796 and 750 



cm 



,-1 



- example 6 (obtained from Schiff base 1-A in the second step) 
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25 





30 



^H-NMR 7.69 (s, 1H), 7.07-6.12 (m. 6H), 2.99 (sept, 2H). 1.40 (s. 9H), 
1.28 (d. 12H): 5.10. 4.55. 4.46, 4.39 (d, 1H). 2.72 (sept, 1H). 1.60 (s, 6H) 
and 1.09 (d. 6H) ppm; ^^C-NMR: 161.4. 152.9. 138.96. 133.36, 130.85. 
125.74. 123.43. 118.7, 114.42, 35.34, 28.42, 26.52, 23.47. 104.14, 
93.64. 86.38. 83.74, 80.69, 78.61, 30.20, 22.40 and 17.86 ppm; IR: 
3050, 3032, 2956, 2923, 2853. 1920, 1672. 1594. 1536. 1467. 1447, 
1376. 1347 and 757 cm"\ 
example 7 (otitained from Schiff base 1-A and methyllithium) 

^H-NMR: 8 7.693 (s. 1H); 7.047-6.15 (m, 6H); 2.723 (sept, 2H); 1.404 (s, 
9H); 1,31 (d, 12H); 4,95 (d. 1H); 4.55 (d, 1H); 4,48 (d, 1H); 4,42 (d, 1H); 
2,426 (sept. 1H); 1,596 (s. 3H); 1,050 (d, 6H) and 0,04 (s, 3H) ppm; ^^C- 
NMR: 5 163.047; 152.815; 137.314; 134.565; 131.872; 127,227; 
124.148; 122.06; 115.546; 35.619; 26.934; 103.04; 91.77; 88.36; 
85,972; 79.485; 77.121; 30.837; 21.986 and 18,01 ppm. 

example 8 (obtained from Schiff base 1-A and pentafluorophenylmagnesium ctiloride) 

^H-NMR: 7.71 (s, 1H), 6.99-6.14 (m, 6H), 2.77 (sept, 2H). 1.46 (s, 9H), 
1.30 (d, 12H); 5.20, 4.72. 4.58, 4.36 (all d, 1H). 2.61 (sept, 1H), 1.62 (s, 
6H) and 1.10 (d, 6H) ppm; ^^C-NMR 161.4, 152.9, 138.96, 133.36. 
130.85, 125.74, 123.43, 118.7. 114.42. 35.34, 28.42, 26.52, 23.47, 
104.14. 93.64, 86.38, 83.74, 80.69, 78.61. 30.20, 22.40. 17.86, 
109.94(d). 136.51 (d), 133.19 (d) and 147.73 (d) ppm; IR: 3050, 3032, 
2956. 2923, 2853. 1920, 1648, 1605. 1537, 1503, 1465. 1433. 1410. 
1376. 1347. 1263, 1078. 1030. 801. 749. 720 and 566 cm^^ 

EXAMPLE 9 - ring openino metathesis polymerisation 

Ring opening metathesis polymerisation of various nortx}mene derivatives was perfonmed 
during 17 hours at 85''C in toluene as a solvent, while using the Schiff base substituted ruthenium 
complexes of examples 4 and 5 as catalysts in a molar ratio monomer/catalyst equal to 225. The 
following table 1 indicates the name of the norbomene derivative and the polymerisation yield 
(expressed in %) achieved (NO: not determined) for each complex used. 




Table 1 



Monomer 


Complex 4 


Complex 5 


nortx)mene 


71 


100 


ethylnorbomene 


57 


100 


butylnoitM)mene 


47 


100 


hexylnort>omene 


52 


100 


de(^lnortx>mene 


41 


100 
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ethylidenenorbomene 


9 


83 


cyclohexenylnorbomene 


24 


51 


chloromethyinorbomene 


36 


65 


triethoxysilylnorbomene 


ND 


95 


hydroxymethylnorbomene 


44 


80 



EXAMPLES 10 and 11 - preparation of bimetallic mthenium conriplexes 

A ruthenium precursor [RuCbL^a-wherein is norbomadiene (example 10) or 
cyclooctadiene (example 1 1) was dissolved in methylene chloride (15 ml), to which was added 3 ml 
5 of the thallium salt of the Schiff base 1-A (10 ml, 0.3 m) and the reaction mixture was stin-ed for 10 
hours. After thallium chloride filtration and solvent removal, the residue was washed with methylene 
chloride and characterized by means of proton nuclear magnetic resonance (hereinafter referred as 
NMR, perfonned at 300 MHz with CeDe at 25"C), cariiion NMR (perfomied at 75 MHz with CeDe) 
and infrared spectrophotometry (IR, performed vMth CCI4). as follows: 
10 - example 10: 

^H-NMR: 7.70 (s, 1H), 7.14-6.66 (ra. 6H). 2.70 (sept. 
2H), 1.34 (s. 9H), 1.27 (d, 12H); 6.59 (d. 1H), 6.47 (d, 
iBu 1H). 4.1 (s, 1H), 3.98 (s, 1H). 3.91 (s. 1H). 3.86 (s. 1H) 
and 1.82 (s. 2H) ppm; "C-NMR 5 160.98. 151.36. 
140.15, 135.14. 130.91. 126.68. 123.88. 120.52. 
113.92. 34.49, 31.17. 27.84, 24.59. 145.88. 140.15, 
139.84. 135.14. 72.7. 54.94 and 50.10 ppm; IR; 3098, 
3025, 3032, 2956. 2923. 2853, 1920, 1672. 1594, 
20 1536. 1467. 1409. 1310, 1240, 1180. 1160, 1085. 1035, 1000, 941, 863. 805 and 757 cm\ 

- example 1 1 : ^H-NMR 7.69 (s, 1 H). 7.07-6.12 (m. 6H). 2.99 (sept. 2H). 1 .40 (s, 9H), 1 .28 (d, 
12H); 5.10, 4.55. 4.46, 4.39 (all d. 1H). 2.72 (sept. 1H). 1.60 (s. 6H), 1.09 (d, 6H); "C- 
NMR: 161.4, 152.9, 138.96, 133.36, 130.85, 125.74, 123.43, 118.7. 114.42, 35.34. 28.42, 
26.52, 23.47, 104.14, 93.64. 86.38, 83.74, 80.69, 78.61. 30.20. 22.40 and 17.86 ppm; IR: 
25 3050. 3032, 2956, 2923. 2853, 1920, 1672, 1594, 1536, 1467. 1447, 1376, 1347 and 757 




cm 



,-1 



30 



>0 




tBu 
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EXAMPLE 12 - ring opening metathesis polymerisation of norbomene 

Ring opening metathesis polymerisation of norbomene was performed during 18 hours at 
85**C in methylene chloride as a solvent, while using the Schiff base substituted ruthenium 
complexes of exampfes 6 to 8 and the bimetallic Schiff base substituted ruthenium complexes of 
5 examples 10 and 11 as catalysts in a molar ratio norbomene/cataiyst equal to 225, and optionally 
in the presence of a co-catalyst being either triethylaluminum or diethylaluminum chloride (in a 
molar ratio 6:1 with respect to ruthenium) or an activator t>eing trimethylsilyldiazomethane (TMSD, 
in a molar ratio 3:1 with respect to ruthenium). The following table 2 indicates the polymerisation 
yield (%) achieved (ND: not detennined) for each complex used. 

10 



TABLE 2 



Co-catalyst 


Complex 6 


Complex 7 


Complex 8 


Complex 10 


Complex 1 1 


without 


52 


32 


76 


50 


69 


AlEta 


76 


86 


72 


68 


75 


AIEt2CI 


75 


100 


100 


87 


88 


TMSD 


ND 


66 


77 


81 


ND 



The norbomene polymer obtained obtained in the presence of the complex of example 8 and 
15 diethylaluminum chloride was analysed and found to have a number average molecular weight of 
450,000 and a molecular weight distribution (polydispersity) of 2.1. 

EXAMPLE 13 " ring opening metathesis polvmerisation of norbomene under irradiation 

The experiment of example 12 is repeated with the ruthenium complex of example 8 
20 without any co-catalyst or activator but at 20''C under imdiation by a source of visible light The 
polymerisation yield observed after 20 hours is 86%. 

EXAMPLE 14 - monometallic ruthenium complex coordinated with a nrtrosubstituted salen ligand 
A monometallic ruthenium complex coordinated with a A(A/-bis(5-nltro-salic^idene)- 
25 ethylenediamine ligand was made according to the general method disclosed above from a 
ruthenium precursor [RuCbL^a-wherein L is cymene. This complex was then tested in the atom 
transfer radical polymerisation of various olefins performed in 1 ml toluene during 17 hours at 85 
''C (acrylates) or 110**C (styerene) while using: 

as an initiator, ethyl-2-methyl-2-bromopropionate (when the monomer is a methacrylate) or 
30 (1-bromoethyl)benzene (when the monomer is styrene), and 

a molar ratio [catalyst]/pnitiator]/[monomer] equal to 1 :2:800. 
Table 3 indicates the name of the olefin involved, the polymerisation yield (expressed in %), the 
average number molecular weight Mn and the polydispersity index MJMn. 



35 
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Table 3 



Olefin 


Yield 


M„ 


MwrtWIn 


Methylmethacrylate CMMA) 


- 69 


41.000 


2.2 


Isobiitylmethacrytate (IBMA) 


83 


59,000 


2.4 


Styrene (Sty) 


67 


26.000 


1.7 



EXAMPLES 15 to 17- preparation of Fischer carbene mthenium complexes 

Each of the following Fischer carbene ruthenium complexes was made in accordance with the 
following scheme by treating the starting complex with ethylvinylether On a 10:1 ratio) for 30 
minutes at room temperature in toluene: 

chloro-tricydohexylphosphino-ethoxy\^nylidene-N,0[N-(4-bromo-2,6-dimethylphenyl)-((2- 

phenoxy)-1-phenyl)iminomethane]-ruthenlum (76, example 15), 

chIoro-tricyclohexylphosphino-ethoxyvinylidene-N,0[N-(4-bromo-2,6<limethylphenyl)-((^^ 
phenoxy-5-nitro)-1-phenyl)iminomethane]-ruthenium (77, example 16), and 
- chloro-tricyclohexylphosphino-ethoxyvinylidene-N,0[N-(2,6-diisopropylphenyl)-((2- 
phenoxy)-1-phenyl)iminomethane]-ruthenium (78. example 17). 




66-67 76-77 
70 78 



EXAMPLE 1 8 - atom transfer radical polymerisation 

Complexes of examples 15 to 17 were tested as in example 14. Results are given in table 4. 

Table 4 



Catalyst 


15 


16 


17 


Substrate 


yield 


Mn 




/ 


)deld 


M„ 


M,^ 


/ 


yield 


M„ 


MJMn 


/ 




[%] 


(xlO^) 






[%] 


(x 10^) 






[%] 


(xlO^) 










[g/mol] 








[g/mol] 








[g/moll 






MMA 


71 


29.5 


1.25 


0.97 


74 


28.9 


1.22 


1.02 


99 


41.4 


1.30 


0.97 


IBMA 


64 


39.5 


1.22 


0.93 


65 


38.4 


1.18 


0.97 


90 


57.4 


1:36 


0.90 


MA 


61 


33.4 


1.24 


0.63 


60 


34.7 


1.25 


0.60 


86 


32.6 


1.34 


0.91 


BA 


74 


57.8 


1.29 


0.66 


80 


58.1 


1.27 


0.71 


82 


50.3 


1.38 


0.84 


Styrene 


58 


27.3 


1.19 


0.89 


63 


26.4 


1.10 


0.99 


87 


43.8 


1.31 


0.83 
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MA: methyl acrylate; BA: butyl acrylate. 

PXAMPi F5=^ 1 9 to 21- preparation of cationic Fischer carbene ruthenium complexes 

Each of the following cationic Fischer carbene ruthenium complexes was made in accordance 
5 with the following scheme by treating the corresponding complex of example 15 to 17 with silver 
tetrafluoroborate Qn a 1:1 ratio) in toluene: 

toluyl4ricyclobexylpho5phino-ethoxyvinylidene-N,0[N-(4-bromo-2,6Kl!methyIphenyl)--((2- 
phenoxy)-1-phenyi)iminomethane]-njthenium tetrafluoroborate (76+, example 19), 
toluyWricyclohexylphosphlno-ethoxyvinylidene-N,0[N-(4-bromo-2,6-dimethylphenyl)-((2- 
10 phenoxy-5-nitro)-1~phenyl)iminomethane]-ruthenium tetrafluoroborate (77+, example 20), 

toluy!-tricyclohexylphosphino-ethoxyvinylidene-N,0[N-(2,6<liisopropylphenyl)-((2- 
phenoxy)-1-phenyl)iminomethane]-ruthenium tetrafluoroborate (78+, example 21). 

EXAMPLE 22 - atom transfer radical polymerisation of methyl methacrvlate and stvrene 
15 Complexes of examples 19 to 21 were tested as in example 14. Results are given in table 5. 



Table 5 



catalyst 




77* 


78* 


Substrate 


yield 


M„ 




/ 


yield 


Mn' MJM^ 


/ 


3deld 






/ 




(%] 


(xlO') 
[g/mol] 






[%] 


(x 10^) 
[g/mol] 






[%] 


(xlO^) 
[g/mol] 






MMA" 


80 


39.8 


1.46 


0.81 


90 


45.3 


1.43 


0.80 


100 


45.2 


1.28 


0.89 


Styrene' 


66 


36.3 


1.49 


0.76 


73 


41.8 


1.41 


0.73 


95 


48.4 


1.40 


0.82 


MMA*" 


88 


59.0 


1.58 


0.60 


99 


64.3 


1.57 


0.62 


100 


49.1 


1.40 


0.82 


Styrene*" 


74 


54.3 


1.51 


0.57 


81 


58.4 


1.55 


0.58 


100 


52.3 


1.56 


0.80 



EXAMPLE 23 - Schiff base lioands 
20 The eight Schiff base ligands and nitro-ligands having the fonmulae shown in the following 

table 6 were prepared and purified according to the method described in example 1 . 



Table 6 



Ref. N" 


ligand 




nitro-llgand 


1 






■fx"'" 










2 




O2N 
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The ligand 1 (N-methyl-2-hydroxy-1-phenylmethaneimine) was characterized by means of proton 
NMR, the corresponding spectrum being shown in figure 4. 

5 

EXAMPLES 24 to 33 - preparation of Schiff base substituted ruthenium complexes 

Ruthenium complexes each having one Schiff base ligand or nitro-ligand from example 23, or 
the Schiff bases of examples 1-C and 1-D, and wherein ruthenium is also coordinated with a chloro 
atom and a p-cymene group, were prepared by perfomiing the two first steps of the procedure 
10 described in examples 2-8. Each ruthenium complex was characterized by means of proton NMR 
perfonmed with CDCI3 at 25*'C as follows: 

complex (example 24) obtained from the ligand 1 of example 23: 5 at 8.35 (1H), 6.85-7.20 
(4H), 3.12 (3H), 5.47 (2H), 5.34 (2H), 2.92 (1H), 2.17 (3H) and 1.25 (6H) ppm; 
complex (example 25) obtained from the ligand 2 of example 23: 6 at 8.25 (1 H), 6.85-7.00 
15 (4H), 2.54 (9H), 5.46 (2H), 5.32 (2H), 2.75 (1H), 2.24 (3H) and 1.25 (6H) ppm; 

complex (example 26) obtained from the ligand 3 of example 23: 5 at 7.76 (1H), 7.20-7.46 
(4H), 6.92-7.02 (5H), 5.49 (2H). 5.34 (2H), 2.92 (1H). 2.16 (3H), and 1.25 (6H) ppm; 
complex (example 27) obtained from the ligand 4 of example 23: 5 at 9.25 (1 H), 6.75 (2H), 
2.19 (3H), 2.13 (6H), 6.80-7.60 (4H). 5.39 (2H), 5.46 (2H), 2.77 (1H), 2.16 (3H) and 1.29 
20 (6H) ppm; 

complex (example 28) obtained from the Schiff base of example 1-C: 5 at 9.85 (1H), 7.24- 
7.44 (4H). 1.35 (6H), 6.94-7.07 (2H), 5.48 (2H), 5.36 (2H), 2.90 (1H). 2.16 (3H) and 1.26 
(6H) ppm; 

complex (example 29) obtained from the nitro-ligand 1 of example 23: 6 at 8.00 (1H), 6.86- 
25 7.49 (3H), 3.12 (3H), 5.47 (2H). 5.34 (2H), 2.92 (1H), 2.17 (3H) and 1.25 (6H) ppm; 

complex (example 30) obtained from the nitro-ligand 2 of example 23: 6 at 8.10 (1H). 6.95- 
7.26 (3H). 2.54 (9H), 5.46 (2H), 5.32 (2H), 2.75 (1H). 2.24 (3H) and 1.25 (6H) ppm; 
complex (example 31) obtained from the nitro-ligand 3 of example 23: 6 at 8.06 (1H), 7.39- 
7.61 (3H). 6.92-6.96 (5H), 5.49 (2H), 5.34 (2H), 2.92 (1H). 2.16 (3H) and 1.25 (6H) ppm; 
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- complex (example 32) obtained from the nitro-ligand 4 of example 23: 5 at 8.80 (1 H). 6.75 
(2H), 2.19 (3H). 2.13 (6H). 6.85-7.50 (SH), 5.39 (2H), 5.46 (2H), 2.77 (1H), 2.16 (3H) and 
1 .29 (6H) ppm; and ' 

- complex (example 33) obtained from the Schiff base of example 1-D: 6 8.00 (1H), 7.21- 
5 7.43 (3H), 1.35 (6H), 6.95-7.06 (2H), 5.48 (2H), 5.36 (2H), 2.90 (1H). 2.16 (3H) and 1.26 

(6H) ppm. 

EXAMPLE 34 - cvclooroDanation of stvrene with ethvldiazoacetate 

The assymetric cyclopropanation of styrene with ethyldiazoacetate using one of the 
10 mthenlum complexes of examples 24 to 33 as a catalyst and toluene as a solvent, was perfomied 
while using the following amounts: 

catalyst: 5 pmole, 

ethyldiazoacetate: 625 pmole, and 

- styrene: 12.5 mmole, 

15 i.e. a catalyst / diazo compound / olefin ratio of 1 / 125 / 2,500. 

The catalyst was first dissolved in toluene, then styrene was added to the solution. Ethyl 
diazoacetate was dissolved in toluene and then added to the mixture of styrene and catalyst 
through a peristaltic pump over a period of 4 hours, after which the reaction mixture was heated to 
60**C for 6 hours (with the following exceptions: heating time was increased to 10 hours when using 

20 the complexes of examples 28 and 30 as catalysts). After the reaction time, reaction products were 
analysed by gas chromatography, and conversion (expressed as a percentage) and 
diastereoselectivity (expressed as a cis:trans ratio) were calculated according to standard practice. 
Results are reported in table 7. 



Table 7 



Ru complex of 
example 


24 


25 


26 


27 


28 


30 


31 


Conversion (%) 


78 


82 


99 


91 


75 


67 


95 


cis : trans ratio 


30:70 


25:75 


31:69 


36:64 


31:69 


35:65 


37:63 



EXAMPLE 35 - oxidative cvclisation of 2-aminobenzvl alcohol with ketones 

The oxidative cyclisation of 2-amlnobenzyl alcohol with various ketones (i.e. the so-called 
modified Friedlaender quinoline synthesis) using one of the ruthenium complexes of examples 25 
to 33 as a catalyst and dioxane as a solvent, was performed while using the following amounts: 
30 - catalyst: 10 pmole, 

2-aminobenzyl alcohol: 1 mmole, and 

ketone: 2 mmoles, 
i.e. an alcohol / catalyst ratio of 100 / 1 . 

A mixture of 2-aminobenzyl alcohol, ketone, catalyst and KOH (1 mmole) in dioxane (3 ml) 
35 was placed in a 5 ml screw-capped vfal. The system was flushed with argon and allowed to react at 
SOX for 1 hour. The reaction mbdure was then filtered through a silica gel column (ethyl acetate), 
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washed with brine and dried over sodium sulfate. Removal of the solvent left a crude mixture which 
was separated by column chroatography (silica gel, ethyl acetate-hexane mixture) to give the 
relevant qulnoline. Isolated yield (expressed as a percentage) based on 2-aminobenzyl alcohol is 
indicated in table 8 for each ketone and ruthenium complex used. 

5 

Table 8 



ketone 


Ru complex of example 


Yield (%) 


4-phenylcyclohexanone 


25 


97 


acetophenone 


27 


100 


cyclohexanone 


27 


100 


cyciohexanone 


28 


98 


3-methylacetophenone 


33 


100 



EXAMPLE 36 - ring openino metathesis polymerisation in the presence of a co-catalvst at higher 
norbomene/catalvst molar ratios 
10 Ring opening metathesis polymerisation of norbomene was performed as in example 12, in 

the presence of diethylaluminum chloride On a molar ratio 6:1 with respect to ruthenium) as a co- 
catalyst, except that the norbomene/catalyst molar ratio was increased to 900 and 6,000 
respectively, as shown in table 9 which also indicates the polymerisation yield (%) achieved (ND: 
not determined) for each complex used and each norbomene / catalyst ratio. 

15 

TABLE 9 



Molar ratio 


Complex 6 


Complex 7 


Complex 8 


Complex to 


Complex 1 1 


900 


92 


100 


100 


91 


99 


6,000 


81 


82 


93 


ND 


ND 



The norbomene polymers obtained obtained in the presence of the complex of example 8 were 
20 analysed and found to have the following molecular weight Mn and polydispersity index My/Mn: 
at a norbomene/catalyst molar ratio of 900: Mn is 2,000,000 and MJMn is 1 .32; 
' at a norbomene/catalyst molar ratio of 6,000: Mn is 1 ,350,000 and Mw/Mn is 1 .33. 

EXAMPLE 37 - ring opening metathesis polymerisation of norbomene in the presence of a co- 

25 catalyst at shorter reaction times 

Ring opening metathesis polymerisation of norbomene was perfomned as in example 12, in 
the presence of diethylaluminum chloride (in a molar ratio 6:1 with respect to ruthenium) as a co- 
catalyst, except that reaction time was decreased to 30 minutes and 2 hours respectively, as 
shown in table 10 which also indicates the polymerisation yield (%) achieved for each complex 

30 used and each reaction time. 
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TABLE 10 



Reaction time 


Complex 6 


Complex 7 


Complex 8 


Complex 10 


Complex 1 1 


30 minutes 


29 


37 


94 


42 


53 


2 hours 


59 


59 


99 


59 


73 



5 EXAMPLE 38 - ring openinQ metathesis polymerisation of strained cyclic olefins in the presence of 
a C0"Catalvst 

Ring opening metathesis polymerisation was perfonmed as in example 12, in the presence 
of diethyialuminum chloride (in a molar ratio 6:1 with respect to ruthenium) as a co-catalyst, except 
that nort>omene was replaced as a monomer by the strained cyclic olefins shown in table 1 1 which 
10 also indicates the polymerisation yield (%) achieved for each complex used and each monomer. 



TABLE 11 



monomer 


Complex 6 


Complex 8 


Complex 10 


Complex 1 1 


decylnorbomene 


58 


80 


47 


60 


butylnorbomene 


72 


87 


51 


57 


triethoxysi!ylnort>omene 


77 


69 


41 


62 


ethyltetracydododecene 


100 


38 


84 


100 



EXAMPLE 39 - atom transfer radical polymerisation of MMA in the presence of a co-catalyst 
15 The ruthenium complexes of examples 8, 10 and 11 were tested for the polymerisation of 

methyl methacrylate as in example 14. but in the presence of di-n-butylamine as an additive used 

in a molar ratio of 4:1 with respect to the mthenium catalyst. 

Table 12 Indicates, for each complex used, the polymerisation yield (expressed in %), the 

average number molecular weight Mn and the polydispersity index My/Mn. of the resulting polymer. 
20 Table 12 



Methyl methacrylate 


rield 


Mn 


Mw/Mn 


Complex 8 


100 


194.000 


1.51 


Complex 10 


53 


59.000 


1.50 


Complex 11 


56 


49,000 


1.51 



EXAMPLE 40 - atom transfer radical polymerisation of stvrene in the presence of a co-catalyst 

The ruthenium complexes of examples 8. 10 and 11 were tested for the polymerisation of 
styrene as in example 14, but in the presence of di-n-butylamine as an additive used in a molar 
25 ratio of 4:1 with respect to the ruthenium catalyst. 

Table 13 indicates, for each complex used, the polymerisation yield (expressed in %), the 
average number molecular weight Mn and the polydispersity index Mw/Mn of the resulting polymer. 
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Table 13 



Styrene 


Yield 


M„ 




Complex 8 


100 


49.000 


1.83 


Complex 10 


99 


53.000 


1.77 


Complex 1 1 


66 


38.000 


1.86 



EXAMPLE 41 - atom transfer radical polymerisation of stvrene in the presence of a co-catalvst 

The ruthenium complexes of examples 8, 10 and 11 were tested for the polymerisation of 
5 styrene as In example 14, but in the presence of tri-isopropylaluminum as an additive used in a 
molar ratio of 4:1 with respect to the ruthenium catalyst. 

Table 14 indicates, for each complex used, the polymerisation yield (expressed in %). the 
average number molecular weight Mn and the polydispersity index fAJMn of the resulting polymer. 

10 Table 14 



styrene 


Yield 


Mn 


Mw/Mn 


Complex 8 


76 


59.000 


1.83 


Complex 10 


60 


30.000 


2.22 


Complex 1 1 


48 


23.000 


2.18 



EXAMPLE 42 - vinvlation reaction with a ruthenium cataivst 

In a typical vinylation experiment, 4.4 mmole of a monocarboxyllc acid (indicated in table 
15), 4.4 mmole of a temninal aikyne (indicated in table 15) and 0.04 mmole of the ruthenium 

15 catalyst of example 6 were transferred into a 15 ml glass vessel containing 3 ml toluene. Then the 
reaction mixture was heated for 10 hours at IIO^'C under an inert atmosphere. The total yield was 
determined with Raman spectroscopy by following the decreasing intensity of the vibration vcd:; of 
the terminal aikyne and using a calibration curve. Reaction resulted in obtaining a mixture of 
products, the confonmation of which was determined by proton NMR (using a spectrophotometer 

20 Varian Unity Inova 300 and the Varian software VNMR™, with TMS as a reference compound) and 
gas chromatography-mass spectrometry (hereinafter referred as GC-MS, using a gas 
chromatography apparatus Varian 4600 coupled with a mass spectrometer Finnigan MAT ITD, the 
chromatography column t>eing a 30 m long silica capillar column commercially available from 
Supeico under the trade name SPB-5 vwth a diameter of 0.25 mm and a film thickness of 0.25 pm. 

25 with a temperature program raising from 40''C up to 240**C at a rate of 5**C per minute, both FID 
detector and injector being at a temperature of 250**C). GOMS measurements excluded the 
foimation of other products than those reported below. 

Results of these experiments are summarized in table 15, wherein M. stands for the 
percentage of Markovnikov product, (Z) anti-M. stands for the percentage of ^ anti-Markovnikov 

30 product, (E) anti-M. stands for the percentage of (E) anti-Markovnikov product and enyns stands for 
the percentage of a mixture of dimerisation products being enyns, respectively. 
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Table 15 



alkyne 


acid 


yield 


M. 


(Z) anti-M. 


(E) anti-lUI. 


enyns 


Phenylacetylene 


Formic 


80 


20 


5 


75 


0 


Phenylacetylene 


Acetic 


85 


10 


3 


7 


80 


1 ,7-octadiyne 


Foimic 


70 


71 


11 


18 


0 


1 ,7-octadiyne 


acetic 


67 


76 


10 


14 


0 



EXAMPLE 43 - atom transfer radical polymerisation 

Complexes were prepared, by analogy with a procedure described by Carter et al. In 

5 Polyhedron (1993) 12:1123, by reacting two equivalents of a saturated aliphatic monoamine 
Qdentlfied in table 9) with one equivalent of [RuCl2(p-cymene)]2. These complexes were then 
tested in the polymerisation of methyl methacrylate (MMA) or styrene using the same conditions as 
in example 14, except reaction time which was 8 hours. Results are given in table 16 and illustrate 
the influence of the choice of the aliphatic amine on the yield, molecular weight and polydispersity 

10 of polymethylmethacrylate. 



Table 16 



amine 


Yield 


IVIMA 
M„ 


MJMn 


Yield 


Styrene 
M„ 


Mw/Mn 


t-butylamine 


n.a. 


n.a. 


n.a. 


44 


100,000 


1.96 


diethylamine 


46 


89,000 


1.99 


49 


84,000 


2.03 


dibutylamine 


73 


140.000 


1.95 


37 


81,000 


1.75 


triethylamine 


n.a. 


n.a. 


n.a. 


50 


96,000 


1.82 


pipeiidine 


53 


122.000 


1.65 


58 


103,000 


1.60 



EXAMPLE 44 - preparation of a heterogeneous catalyst bv anchoring a dichloro-p-cvmenvl-amino 
15 ruthenium complex onto a mesoporous crystalline molecular sieve 

The synthesis of this solid-supported catalyst was effected by a method similar to that 
shown In figure 7 of WO 03/062253. In a first step, the mesoporous crystalline molecular sieve 
MCM 41 (having a specific surface of 1220 m^/g) was reacted with aminopropyitriethoxysilane at 
1 00**C in the presence of toluene as a solvent. Then, in a second step, the resulting intemiediate 
20 was reacted with [RuCl2(p-cymene)]2 in the presence of methylene chloride as a solvent, thus 

yielding, after solvent removal, a supported catalyst being a dichloro-p-cymenyl-amino ruthenium 

complex anchored onto MCM 41 . 

EXAMPLE 45 - Atom transfer Radical Polymerisation in the presence of a supported catalyst 
25 All reagents and solvents were dried, distilled and stored under nitrogen at - 20 **C vnth 

conventional methods. Then, 0.0116 mmole of the supported catalyst produced in example 37 was 
placed In a glass tube (In which the air was expelled by three vacuum-nitrogen cycles) containing a 
magnet bar and capped by a three-way stopcock. Then styrene (as the monomer) and 1- 
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bromoethyl benzene (as the initiator, diluted in toluene) were added to the catalyst in such amounts 
that the molar ratio [catalyst]/rinrtiator]/[monomer] was 1:2:800. All liquids were handled under 
argon with dried syringes. The reaction mixture was heated for 17 hours at 110*C and then,' after 
cooling, diluted in chlorofomi and poured in 50 mi methanol under vigorous stirring, after which the 
5 precipitated polystyrene was filtered, dried under vacuum at 50*^0 during 4 hours and analysed. 
Polystyrene yield was 99%, molecular weight (Mn) was 77,000 and polydispersity index (Mw/Mn) 
was 1 .68. 

Repeating the same experiment with various methacrylates, but at a reaction temperature 
of 85°C and using ethyl-2-methyl-2-bromopropionate as the initiator, resulted in obtaining: 
10 - a polymethylmethacrylate having a molecular weight (Mn) of 212,000 and a polydispersity 

index (Mv/Mn) of 1 .64, with a yield of 86%, and 

a polyisobutylmethacrylate having a molecular weight (Mn) of 76,000 and a polydispersity 
index (Mw/Mn) of 1 .70, with a yield of 1 00%. 



15 EXAMPLE 46 - preparation of ruthenium metal complexes wherein the Schiff base lioand contains 
a terminal silvl moiety 

Ruthenium metal complexes wherein the Schiff base llgand contains a terminal siiyi moiety 
were prepared according to the three-steps procedure shown in the following scheme. In the first 
step (i), a Schiff base ligand containing a terminal silyl (e.g. triethoxy-silyl) moiety was prepared by 
20 reacting 3-triethoxypropylamine with 2-hydroxybenzaldehyde during 2 hours at 25 "^C in THF as a 
solvent. The resulting Schiff base ligand was then reacted at room temperature in step QJ) with 
thallium ethoxide during 1 hour and then with dichloro-(3-phenyl-1-indenylidene)- 
bis(tricyclohexylphosphino)-ruthenium during 4 hours. 
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(EtO)3Si^ 



CHO 

6^ 



89 



.Si(OEt)3 



OH 




.... Chv 

uu OaJ 





92 



91 

The resulting monometallic mthenium complex [90] was then transfomied in step (Hi) into a 
heterogeneous catalyst [91] by reaction at 25 with dry MCM-41 in methylene chloride during 24 
hours, or In step (iv) into a bimetallic ruthenium complex [92] by the addition of 0.5 molar equh/alent 
of [RuCl2(p-cymene)]2. The latter complex [92] was further characterised by proton and carbon 
nuclear magnetic resonance as follows: 

-Si(OEt)3 NMR (300 MHz, CDCI3): 8.52 (d, 1H), 8.30 (s), 7.78-6.98 (brm, 
13H), 5.64. 5.52. 5.33, 5.19 (d. p-cymene), 3.72 (q), 3.62 (t. 2H). 
2.96 (t, 2H), 2,91 (sept, 1H), 2.51 (tt, 3H), 2.20 (s, 3H), 2.10 (m, 2H), 
10 1,25 (d, 3H) and 1.19 (d, 3H) ppm. ^^C-NMR (CDCI3, 75 MHz); 291 .8 
and 135.9 ppm. 



EXAMPLE 47 - ring opening metathesis polymerisation of norbomene monomers 
15 Ring opening metathesis polymerisation of various norisomene monomers was perfonmed 

during 4 hours at 80 ^'C in toluene (1 ml) as a solvent, while using the Schiff base ruthenium 
complexes of example 46 as catalysts in a molar ratio norbomene monomer/catalyst equal to 800. 
The following table 17 indicates the polymerisation yield for each complex and, when the 
heterogeneous catalyst [91] was used, the properties (number average molecular weight, 
20 polydispersity) of the polymer formed. 
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Table 17 



Substrate 


yield 


I%] 


Polymer properties 
catalyst 91 


91 


92 


M„ (v 10^ 

^mon 


Mw/Mn 


1^ 

\ 

R 

R= H 


100 


100 


101.8 


1.80 


R = ethyl 


94 


100 


135.1 


1.86 


R = butyl 


96 


73 


162.5 


1.87 


R = hexyl 


82 


78 


169.5 


1.79 


R = decyl 


56 


81 


150.0 


1.76 


R = ethylideen 


92 


90 


112.0 


1.84 


R = fenyl 


68 


53 


171.5 


1.89 


R = cyclohexenyl 


77 


87 


149.1 


1.80 


R = chloromethyl 


75 


77 


107.0 


1.70 


R = tiiethoxysilyl 


86 


90 


241.7 


1.79 


O 


80 


92 


22.3 


1.70 



EXAMPLE 48 - ring closing metathesis of auMjiolefins 

Ring closing nnetathesis of the a,a)-diolefins shown in table 18 (wherein E = CO2C2H5) was 
perfomied during 4 hours at 70 ^^C in deuterated benzene as a solvent, while using the Schiff base 
ruthenium complexes Df example 46 as catalysts in a molar ratio diolefin/catalyst equal to 20. Table 
18 indicates the conversion obtained with each complex 

Table 18 



Substrate 



End product 

i i 

5 

o 



conversion [%] 



91 



89 



90 



92 



100 



100 
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EXAMPLE 49 - preparation of ruthenium metal complexes wherein the carbene liaand contains a 
tenminal siivl moiety 

Ruthenium metal complexes wherein the carbene ligand contains a tenminal silyl moiety 
were prepared accoirding to the foregoing procedures, but starting from an alkyne having such a 
tenninal silyl moiety. In this way we prepared : 

- chloro-trlc^clohexylphosphino-N,0[N-(4-bromo-2,6-dimethylphenyl)-(4-nitro-1-phenyl) 

iminomethane]-trimethylsilylvinylidene ruthenium [123] which was further characterised by 

proton and phosphorus nuclear magnetic resonance as follows: 

NMR (CeDe, 25 X)i 8.24 (d, 1H), 8.10-7.11 (m, H), 
3.61 (t), 2.51 (s, 3H). 1.78-1.30 (m, 20H), 1.54 (s, 6H) and 0.32 
(s. 9H) ppm; NMR (122, CeDe): 47.07 (s) ppm. 



- chloro-tricyclohexylphosphino-N,O[N-(4-bromo-2,6-dimethylpheny0-(1-phenylimino- 

methane]-trimethylsilylvinylidene ruthenium [122] which was further characterised by 
proton and phosphorus nuclear magnetic resonance as follows: NMR (CeDe, 25*'C): 
7.53 (d, 1H), 7.24-7.055 (m. 6H), 3.57 (t). 2.48 (s, 3H), 1.72-1.27 (m, 20H). 1.27 (s, 6H). 
1.19 (m. 10H) and 0.305 (s. 9H) ppm; NMR (122, CgDe): 43.51 (s) ppm. 



Br 




PCys 



EXAMPLE 50 - ring openino metathesis polymerisation of strained cvdic monomers 

Ring opening metathesis polymerisation of R-sut>stituted norbomene monomers (wherein 
R has the meaning indicated in table 19), or cyclooctene, was performed at 80 in toluene as a 
solvent, while using the SchifF base ruthenium complex of example 49 as a catalyst in a molar ratio 
monomer/catalyst equal to 800 (except for cyclooctene: molar ratio 250). The following table 19 
indicates the polymerisation yield for each complex and the properties (number average molecular 
weight, polydispersity) of the polymer fomied. 



Br 




PCys 
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Table 19 



123 





Substrate 


time 
[h] 


yield 
[%] 


Mn 
(x1 0^ 


Mw/Mn 








[g/mol] 




K 


11 

— n 


4 


100 


65. D 


1.68 


K 


— etnyi 


4 


100 


oU.U 




K 


— Duiyi 


4 


1UO 


10/.0 


2.20 


R 


= hexyl 


4 


100 


74.3 


1.89 


R 


= decyl 


4 


100 


130.4 


1.96 


R 


= ethylidene 


10 


100 


94.1 


1.91 


R 


= phenyl 


4 


98 


63.5 


1.99 


R 


= cyclohexenyl 


4 


97 


96.8 


1.97 


R 


= hydroxymethi 


4 


65 


30.8 


1.86 


R 


= chloromethyl 


4 


100 


50.1 


2.04 


R 


= triethoxysilyl 


4 


100 


131.1 


2.12 




cyclooctene 


15 


100 


28.9 


1.76 



EXAMPLE 51 - ring dosing metathesis of aco-diolefins 

Ring closing metathesis of the a,a)-dioiefins shown In table 20 (wherein E = CO2C2H5) was 
perfomied during 24 hours at 80 ""C in deuterated benzene as a soh^ent, while using the Schiff base 
ruthenium complexes of example 49 as catalysts in a molar ratio diolefin/catalyst equal to 20. Table 
20 indicates the end product yield obtained with each complex. 

Table 20 



Substrate End product yield [%] 

122 123 



E E 
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CLAIMS 

1. An at least tetra-coordinated metal complex, a salt, a solvate or an enantiomer thereof, 
comprising: 

5 - a multidentate ligand being coordinated vntti the metal by means of a nitrogen atom and at 

least one heteroatom selected from the group consisting of oxygen, sulphur, selenium, 
nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 
arsenic and antimony Is substituted with a radical R"" selected from the group consisting of 
hydrogen. C1.7 alkyi, C3.10 cydoalkyl, ary! and heteroaryl; 

10 - a non-anionic unsaturated ligand U selected from the group consisting of aromatic and 

unsaturated cycloaliphatic groups, preferably aryl, heteroaryl and C4.20 cycloalkenyl groups, 
the said aromatic or unsaturated cycloaliphatic group being optionally substituted with one 
or moro C1.7 alkyI groups or electron-withdrawing groups such as, but not limited to, 
halogen, nitro, cyano, (thio)carboxylic add, (thlo)carboxylic add Chio)ester, (thlo)carboxylic 

15 acid 9hio)amide, (thio)carboxylic add anhydride and ffhio) carboxylic add halide; and 

a non-anionic ligand selected from the group consisting of C1.7 alkyI, C3.10 cydoalkyl, 
aryl, arylalkyi, alkylaryi and heterocydic, the said group being optionally substituted with 
one or more preferably electron-withdrawing substituents such as, but not limited to, 
halogen, nitro, cyano, (thio)carboxylic add, (thio)carboxylic add (thio)ester, (thio)carboxylic 

20 acid (thio)amide, (thio)carboxylic add anhydride and (thio) carboxylic acid halide. 

2. An at least tetra-coordinated metal complex according to claim 1 , wherein the non-anionic 
ligand has constraint steric hindrance. 

25 3. An at least tetra-coordinated metal complex according to claim 1, wherein the non-anionic 
ligand is selected from the group consisting of methyl, tert-butyl, neopentyl, phenyl and 
mono- or polysubstituted phenyl such as pentafiuorophenyl. 

4. An hexa-coordinated metal complex, a salt, a solvate or an enantiomer thereof , comprising: 
30 - a multidentate ligand being coordinated with the metal by means of a nitrogen atom and at 

least one heteroatom selected from the group consisting of oxygen, sulphur, selenium. 

nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 

arsenic and antimony is substituted with a radical R°" selected from the group consisting of 

hydrogen, C1.7 alkyI, C3-10 cydoalkyl, aryl and heteroaryl; 
35 - at least one non-anionic bidentate ligand being difTerent from the multidentate ligand; 

and 

at most two anionic iigands L"*, wherein one or more of said anionic ligands may be each 
replaced with a solvent S, in which case the said hexa-coordinated metal complex is a 
cationic species associated with an anion A. 



40 
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5. An hexa-coordinated metal complex according to claim 4, being a bimetallic complex 
wherein each metal is hexa-coordinated. 

6. An hexa-coordinated metal complex according to claim 4 or claim 5, wherein the two metals 
5 are the same. 

7. An hexa-coordinated metal complex according to claim 4 or claim 5, wherein the two metals 
are different. • 

10 8. An hexa-coordinated metal complex according to any of claims 4 to 7, wherein the at least 
non-anionic bidentate ligand is a polyunsaturated C3.10 cycloalkenyl or heteroaryl group. 

9. An at least tetra-coordinated metal complex according to any of claims 1 to 3 or hexa- 
coordinated metal complex according to any of daims 4 to 8, wherein the multidentate 

15 ligand is a bidentate or tridentate SchifT base. 

10. An at least tetra-coordinated metal complex or hexa-coordinated metal complex according 
to claim 9, wherein the multidentate ligand is a bidentate Schiff base having one of the 
general formulae (!A) or (IB) referred to in figure 1, wherein: 

20 - Z is selected from the group consisting of oxygen, sulphur, selenium. NR"", PR"", AsR"" 

and SbR"", wherein R"" is a radical selected from the group consisting of hydrogen, C1.7 
alkyi, C3-10 cycloalkyi, aryl and heteroaryl; 

R" and R"' are each a radical independently selected from the group consisting of 
hydrogen, C1.6 alkyl. C^^ cycloalkyt, aryl and heteroaryl, or R" and R"' together form an aryl 
25 or heteroaryl radical, each said radical being optionally sut>stituted with one or more, 

preferably 1 to 3, substituents R5 each independently selected from the group consisting of 
halogen atoms, C1.7 alkyl, C1.7 alkoxy, aryl, alkylsulfonate, arylsulfonate, alkylphosphonate, 
arylphosphonate, alkylammonium and arylammonium; and 

R' is either as defined for R" and R*" when included in a Schiff base having the general 
30 formula (lA) or, when included in a Schiff base having the general formula (IB), is selected 

from the group consisting of alkylene and C3.10 cycloalkylene, the said alkylene and 
cycloalkylene group being optionally substituted with one or more substituents R5. 

11. An at least tetra-coordinated metal complex or hexa-coordinated metal complex according 
35 to any of claims 1 to 10, wherein the metal Is a transition metal selected from the group 

consisting of groups 4, 5. 6, 7, 8, 9, 10. 11 and 12 of the Periodic Table. 



40 



12. An at least tetra-coordinated metal complex or hexa-coordinated metal complex according 
to any of claims 1 to 11, wherein the metal is selected from the group consisting of iridium, 
ruthenium, osmium, iron, molybdenum, tungsten, titanium, rhenium, technetium, lanthanum, 
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copper, chromium, manganese, palladium, platinum, rhodium, vanadium, zinc, cadmium, 
mercuiy, gold, silver, nickel and cobalt 

13. A tetra-coordinated metal complex, a salt, a solvate or an enantiomer thereof, comprising: 

5 - two anionic ligands L®; 

a non-anionic unsaturated ligand selected from the group consisting of aromatic and 
unsaturated cycloaliphatic groups, preferably aryl, heteroaryl and ^4-20 cycloalkenyl groups, 
the said aromatic or unsaturated cycloaliphatic group being optionally substituted with one 
or more C1.7 alkyi groups or with electron-withdrawing groups such as, but not limited to, 

10 halogen, nitro, cyano, ^hio)carboxylic add, (thio)carboxylic acid ^hio)ester, (thio)carboxylic 

acid (thio)amide, (thio)carboxyIic acid anhydride and (thio) carboxylic add halide; and 

- a ligand U° being a saturated aliphatic monoamine selected from primary amines, 
secondary amines, cydic secondary amines and tertiary amines, or a secondary or tertiary 
diamine, 

15 wherein the metal is seleded from the group consisting of iridium, ruthenium, osmium, iron, 
molybdenum, tungsten, titanium, rhenium, technetium, lanthanum, copper, chromium, 
manganese, palladium, platinum, rhodium, vanadium, zinc, cadmium, mercury, gold, silver, 
nickel and cot>alt. 

20 14. A catalytic system comprising: 

(a) as the main catalytic species, an hexa-coordinated metal complex according to any of 
claims 4 to 7, or a tetra-coordlnated metal complex according to daim 13, or an at least tetra- 
coordlnated meta^ complex, a salt, a solvate or an enantiomer thereof, comprising: 

- a multidentate ligand being coordinated with the metal by means of a nitrogen atom and at 
25 least one heteroatom selected from the group consisting of oxygen, sulphur, selenium, 

nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 
arsenic and antimony is substituted with a radical R"" selected from the group consisting of 
hydrogen, C1.7 alkyI, C3.10 cydoalkyi, aryl and heteroaryl; 

a non-anionic unsaturated ligand selected from the group consisting of aromatic and 
30 unsaturated cycloaliphatic groups, preferably aryl, heteroaryl and 04,20 cydoalkenyl groups, 

the said aromatic or unsaturated cycloaliphatic group being optionally substituted with one 
or more alkyi groups or electron-withdrawing groups such as, but not limited to, 
halogen, nitro. cyano, 9hio)carboxylic add, (thio)carboxylic add ^hio)ester, (thio)carboxylic 
acid (thio)amide. (thio)carboxylic add anhydride and ^hio) cari30xylic add halide; and 
35 - a ligand being either an anionic ligand or a non-anionic ligand selected from the group 

consisting of C1.7 alkyI, C3.10 cydoalkyi, aryl, arylalkyi, alkylaryl and heterocydic, the said 
group being optionally sutistituted with one or more preferably electron-withdrawing 
substftuents such as, but not limited to, halogen, nitro. cyano, (thio)carboxylic add, 
(thio)carboxylic add ^hio)ester, (thio)carboxylic add (thio)amide, (thio)carboxylic add 
40 anhydride and (thio) carboxylic add halide; and 
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(b) one or more second catalyst components being selected from the group consisting of Lewis 
acid co-catalysts (bi), catalyst activators (ba) and initiators having a radically transferable atom or 
group (bs). 

5 15. A metal complex according to any of claims 4 to 8 or claim 13, or a catalytic system according 
to claim 14, wherein each anionic ligand L"*, L^or L^ls independently selected from the group 
consisting of C1.20 carboxylate, C1.20 alkoxy, C2.20 alkenyloxy, C2.20 alkynyloxy, aryioxy, 0^20 
alkoxycarbonyl, C1.7 alkylthio, C1.20 alkylsulfonyl. C1-20 alkylsulfinyl C1.20 alkylsulfonate, 
arylsulfonate, C1.20 alkylphosphonate, arylphosphonate, C1.20 alkylammonium, arylammonium, 

10 alkyldiketonate, aryldiketonate, halogen, nttro and cyano. 

16. A catalytic system according to claim 14 or claim 15, wherein the second catalyst component 
includes a co-catalyst (bi) selected from the group consisting of tx>ron trihalides; trialkylboron; 
triarylboron; organoaluminum compounds; magnesium halides; aluminum halides; titanium or 

15 vanadium trihalides or tetrahalides or tetraalkoxides ; antimony and bismuth pentahalides. 

17. A catalytic system according to any of claims 14 to 16, wherein the second catalyst component 
includes, as a co-catalyst (bi), an organoaluminum compound selected from the group 
consisting of tri-n-aikylaluminums; dialkylaluminum hydrides, trialkenylaluminums, 

20 alkylaluminum alkoxides, dialkylaluminum alkoxides, dialkylaluminum aryloxides and 

dialkylaluminum halides. 

18. A catalytic system according to claim 14 or claim IS, wherein the second catalyst component 
includes, as a catalyst activator (t>2), a diazo compound. 

25 

19. A catalytic system according to claim 14 or daim 15, wherein the second catalyst component 
includes, as an initiator having a radically transferable atom or group (t^), a compound having 
the formula R35R35R37CX1, wherein: 



35 



30 



Xi is selected from the group consisting of halogen, OR38 O^erein R38 l^elected from C^. 
20 alkyi, polyhaloCv2oalkyl. ^2-20 alkynyl (preferably acetylenyl), C2-20 alkenyl (preferably 
vinyO, phenyl optionally substituted with 1 to 5 halogen atoms or C^.y alkyl groups and 
phenyl-substituted C1.7 alkyl), SR39, OC(=0)R39. OP(=0)R39. OP(=0)(OR39)2. OP(=0)OR39, 
0-N(R39)2 and S-C(=S)N(R39)2, wherein R39 is aryl or C1.20 alkyl, or where an N(R39)2 
group is present, the two R39 groups may be joined to fonm a 5-, 6- or 7-membered 
heterocyclic ring (in accordance with the definition of heteroaryl above), and 



40 



R35. R36 and R37 are each independently selected from the group consisting of hydrogen, 
halogen, C1.20 alkyl (preferably alkyl), Cm cycloalkyl. C(=O)R40. (wherein R40 ts 
selected from the group consisting of C1-20 alkyl, C1.20 alkoxy, aryioxy or heteroaryloxy), 
C(=0)NR4iR42 (wherein R41 and R42 are independently selected from the group consisting 
of hydrogen and C1.20 alkyl or R41 and R42 niay be joined together to forni an alkylene 
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group of 2 to 5 carbon atoms). COCI, OH, CN. C2.20 alkenyl (preferably vinyl). C2.20 alkynyl, 
oxiranyl, glyddyl, aryl, heteroaryl, arylaHqrl and aryl-substltuted C2.20 alkenyL 

20. A supported catalyst for use in a heterogeneous catalytic reaction, comprising: 

5 (a) a catalytically active at least tetra-coordinated metal complex or hexa-coordlnated 

metal complex according to any of claims 1 to 12 or a tetra-coordinated metal 
complex according to dalm 13, or a catalytic system according to any of daims 14 
to 1 9, and 

(b) a supporting amount of a carrier suitable for supporting said catalytically active 
10 metal complex or catalytic system (a). 

21 . A method of perfomning an olefin or acetylene metathesis reaction or a reaction involving the 
transfer of an atom or group to an ethylenlcally or acetylenicaily unsaturated compound or 
another reactive substrate in the presence of a catalytic component, wherein the said catalytic 

15 component comprises a metal complex selected from the group consisting of hexa-coordinated 

metal complexes according to any of claims 4 to 7 or tetra-coorrJinated metal complexes 
according to claim 13, or at least tetra-coordinated metal complexes, salts, solvates or 
enantiomers thereof, comprising: 

a multidentate ligand being coordinated with the metal by means of a nitrogen atom and at 
20 least one heteroatom selected from the group consisting of oxygen, sulphur, selenium, 

nitrogen, phosphorus, arsenic and antimony, wherein each of nitrogen, phosphorus, 
arsenic and antimony is substituted with a radical R"" selected from the group consisting of 
hydrogen, C1.7 alkyl. C3.10 cydoalkyl. aryl and heteroaryl; 

a non-anionic unsaturated ligand selected flrom the group consisting of aromatic and 
25 unsaturated cydoallphatic groups, preferably aryl, heteroaryl and C4.20 cycloalkenyl groups. 

the said aromatic or unsaturated cycloaliphatic group being optionally substituted with one 
or more alkyl groups or eledron-withdrawing groups such as, but not limited to, 
halogen, nitro, cyano, (thio)carboxylic add, (thio)carboxylic add (thio)ester, (thio)carboxylic 
acid (thio)amide, (thio)carboxylic add anhydride and (thio) carboxylic add halide; and 
30 - a ligand L® being either an anionic ligand or a non-anionic ligand seleded from the group 

consisting of Ci_7 alkyl, C3.10 cydoalkyl, aryl, arylalkyi, alkylaryl and heterocyclic, the said 
group being optionally substituted with one or more preferably electron-withdrawing 
substituents such as. but not limited to. halogen, nItro, cyano, (thio)carboxyllc add, 
(thio)cart)oxylic add ^hio)ester. (thio)carboxyllc add (thio)amide, (thio)carboxylic add 
35 anhydride and (thio) cariboxylic add halide, 

or five-coordinate metal complexes, salts, solvates or enantiomers thereof, comprising a carbene 
ligand, a multidentate ligand and one or more other llgands, wherein at least one of said other 
ligands is a constraint steric hindrance ligand having a pKa of at least 15, 

or tetra-coordinated or penta-coordinated metal complexes, salts, solvates or enantiomers thereof, 
40 comprising: 
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a tetradentate ligand comprising two Schiff bases, and 

optionally a solvent ligand, the said metal complex then being associated with an anion, 
ortetra-coordinated or penta-coordinated metal complexes, salts, solvates or enantiomers thereof, 
comprising: 

5 - at least one bidentate phosphine ligand, and 

at least one other ligand being selected from solvent ligands, in which case the complex is 
a cationic species associated with an anion, anionic ligands and non-anionic ligands. 

22. A method according to claim 21, wherein said reaction involving the transfer of an atom or 
10 group to an olefin or another reactive substrate Is selected from the group consisting of: 

atom or group transfer radical polymerisation of one or more radically (oo)polymerisable 
monomers, especially mono- and diethylenically unsaturated monomers; 
atom transfer radical addition of a polyhalomethane having the formula CXnH4^, wherein X 
is halogen and n is an integer from 2 to 4, onto an ethylenlcally unsaturated compound to 
15 produce the corresponding saturated polyhalogenated adduct; 

vinylation reaction of a mono- or dhalkyne with a mono- or di-carboxylic acid to produce 
alk-1-enyl esters or enol esters or Markovnikov adducts or anti- Markovnikov adducts or 
mixtures thereof; 

cyciopropanation of an a-ethylenically unsaturated compound for producing an organic 
20 compound having one or more cyclopropane structural units; 

quinoline synthesis through oxidative cyclisation of 2-aminobenzyl alcohol with ketones; 

epoxidation of a-ethylenically unsaturated compounds for producing epoxides; 

oxidation of organic compounds including the oxidation of saturated hydrocartx)ns for 

producing alcohols, or sulfides for producing sulfoxides and sulfones, or phosphines for 
25 producing phosphonates, or alcohols and aldehydes for producing carboxylic adds; 

cyclopropenation of an alkyne for producing an organic compound having one or more 

cyclopropene structural units; 

hydrocyanation of a-ethylenically unsaturated compounds for producing saturated nitriles, 
or alkynes for produdng unsaturated nitriles, or a,p-unsaturated aldehydes or ketones for 
30 producing p-cyano carbonyl compounds; 

hydrosilylation of olefins for producing saturated silanes, or alkynes for producing 
unsaturated silanes, or ketones for producing silyl ethers, or trimethylsilylQranation of 
aldehydes for producing cyanohydrin trimethylsilyl ethers; 

aziridination of imines or alkenes for producing organic compounds having one or more 
35 aziridlne stmctural units; 

hydroamidatlon of olefins for producing saturated amides; 

hydrogenation of olefins for producing alkanes, or ketones for producing alcohols; 

aminolysis and hydroamination of olefins for producing saturated primary or secondary 
. amines, and hydroamination of alkynes for producing unsaturated amines; 
40 - isomerisation of alcohols, preferably allylic alcohols, for producing aldehydes; 
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Grignard cross-coupling of alkyl or aryl halides for producing alkanes or arylalkanes; 

- hydroboration of olefins for producing alMboranes and trialkylboranes; 
hydride reduction of aldehydes and ketones for producing alcohols; 

aldol condensation of saturated carboxyl compounds for producing a,p-unsaturated 
5 carboxyl compounds or p-hydroxycarbonyl compounds, and intra-molecular aldol 

condensation of dialdehydes or diones for producing cyclic a,p-unsaturated carboxyl 
compounds; 

Michael addition of a ketone or a p-dicait>onyl compound onto an a,p-unsaturated carboxyl 
compound for producing saturated poiycarboxyl compounds; 
10 - Robinson annulation for produdng saturated poiycyclic carboxyl compounds; 

Heck reactions of an aryl halide or a 1-hetero-2,4-cyclopentadiene or a benzo-fused 
derivative thereof with an a-ethylenically unsaturated compound for producing arylalkenes 
or heteroarylalkenes; 

- codimerisation of alkenes for producing higher saturated hydrocarbons or alkynes for 
15 producing higher alkenes; 

hydroxylatlon of olefins for producing alcohols; 

alkylation, preferably allylic alkylation, of ketones for producing alkylated ketones, 
preferably allylic ketones; 

Dieis-Alder reactions such as the cycloaddition of a conjugated diene onto an a- 
20 ethylenically unsaturated compound for producing optionally substituted cyclohexenes, or 

the cycloaddition of furan onto an a-ethylenically unsaturated compound for produdng 
optionally substituted 7-oxanorbomenes; 
Suzuki-Miyaura cross-coupling reactions; 

silylmetalation of unsaturated compounds, particularty olefins and cart)onyl compounds; 
25 and 

carbometalation reactions of silyl cyanides and allyl silanes with carbonyl compounds and 
olefins. 



23. A method according to claim 21 or daim 22, wherein the multidentate ligand of the said at least 
30 tetra-coordinated metal complex is a bidentate ortridentate Schiff base. 

24. A method according to claim 21, wherein the said metathesis reaction is the ring-opening 
metathesis polymerisation of strained cydic olefins. 

35 25. A method acconjing to daim 21, wherein the said readion is the ring-opening metathesis 
polymerisation of cydic olefins and is performed in the presence of a Lewis acid co-catalyst 
(bi) and/or a catalyst activator (bj). 

26. A method according to daim 25. wherein the Lewis add co-catalyst (b^) is selected from the 
40 group consisting of boron trihalides; trialkylt)oron; triarylboron; organoaluminum compounds; 
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magnesium halides; aluminum halides; titanium or vanadium trihalldes or tetralialides or 
tetraallcoxides; antimony and bismuth pentahaiides. 

27. A method according to claim 25 or claim 26, wherein the co-catalyst (bi) is an organoaluminum 
5 compound selected from the group consisting of tri-n-alky!aluminums; dialkylaluminum 

hydrides, trialkenylaluminums. alkylaluminum alkoxides, dialkylaluminum alkoxides, 
dialkylaluminum aryloxides and dialkylaluminum halides. 

28. A method accortling to claim 25, wherein the catalyst activator (b2) Is a diazo compound. 

10 

29. A method according to any of claims 21 to 28, wherein the catalytic component is supported on 
a carrier. 

30. A method according to claim 29, wherein the said carrier Is selected from the group consisting 
15 of porous inorganic solids, such as amorphous or paracrystalline materials, crystalline 

molecular sieves and modified layered materials including one or more inorganic oxides, and 
organic polymer resins. 

31 . An at least penta-coordinated metal complex, a salt, a solvate or an enantiomer thereof, 
20 comprising: 

- a tetradentate ligand comprising two SchifF bases, wherein the nitrogen atoms of said two 
Schlff bases are linked with each other through a C1.7 alkylene or arylene linking group A; 
and 

one or more non-anionic ligands selected from the group consisting of (i) trisutistituted 
25 phosphines PR3 wherein R is a radical selected finom the group consisting of C1.7 alkyi, C3. 

10 cycloalkyi, aryl and heteroaryl; and (ID aromatic and unsaturated cycloallphatic groups, 
preferably aryl, heteroaryl and C4.20 cycloalkenyl groups, wherein the said aromatic or 
unsaturated cycloaliphatic group is optionally substituted with one or more C1.7 alkyi groups 
or electron-withdrawing groups such as, but not limited to, halogen, nitro, cyano, 
30 (thio)carboxylic acid. (thio)carboxylic acid ^hio)ester, (thio)carboxylic acid (thio)amlde, 

(thio)carboxyHc acid anhydride and (thio) cariDoxylic add halide. 

32. An at least penta-coordinated metal complex according to claim 31, wherein the said non- 
anionic ligand is cymene. 

35 

33. An at least penta-coordinated metal complex according to dalm 32, wherein the C1.7 alkylene 
or arylene linking group A is substituted with one or more substituents selected from the group 
consisting of chloro, bromo, trifluoromethyl and nitro 
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34. An at least penta-coordinated metal complex according to claim 32, wherein each SchifF base 
of the tetradentate ligand Is derived from sallcylaldehyde or acetylacetone. 

35. An at least penta-coordinated metal complex according to claim 34. wherein the sallcylidene or 
5 acetylidene group included in each Schiff base is substituted with one or more substituents 

selected from the group consisting of chloro, bromo, trifluoromethyl and nitro. 

36. An at least penta-coordinated metal complex according to any of claims 31 to 35, wherein the 
tetradentate ligand is selected from the group consisting of /N(/V-bis(5-nitro-saiicylidene)- 

10 ethylenediamine, N,N -1 ,2-cyclohexylenebis(2-hydroxyacetophenonylideneimine), 1 ,2-diphenyi- 

ethylenebis(2-hydroxyacetophenonylideneimine) and 1 ,1 '-b]naphtalene-2,2'-diamino-bis(2- 
hydroxyacetophenonylideneimine). 

37. A catalytic system comprising: 

15 (a) as the main catalytic species, an at least penta-coordinated metal complex 

according to any of claims 31 to 36, and 
(b) one or more co-catalysts or initiators for the main catalytic species. 

38. A catalytic system according to claim 37, wherein the co-catalyst or initiator Is selected from 
20 amines, preferably secondary amines; organoaluminum compounds; and initiators having a 

radically transferable atom or group. 

39. A catalytic system according to claim 37 or claim 38, wherein the initiator having a radically 
transferable atom or group is selected from the group of initiators having the fomnula 

wherein: 

Xi is selected from the group consisting of halogen, ORss (wherein Raa i^iselected from Ci. 
20 alkyi, polyhaloCi.2oalkyl, C2.20 alkynyl (preferably acetylenyl), C2.20 alkenyl (preferably 
vinyl), phenyl optionally substituted with 1 to 5 halogen atoms or C1-6 alkyI groups and 

30 phenyl-substituted C1-6 alkyI). SR39. OC(=0)R39. OP(=0)R39, OP(=0)(OR39)2, OP(=0)OR39, 

0-N(R39)2 and S~C(=S)N(R39)2. wherein R39 is aryl or C1-20 alkyI, or where an N(R39)2 
group is present, the two R39 groups may be joined to fomi a 5-, 6- or 7-membered 
heterocyclic ring (in accordance with the definition of heteroaryl above), and 
R35. R36 and R37 are each independently selected from the group consisting of hydrogen, 

35 halogen, Ci.2b alkyI (preferably C^^ alkyO, cycloalkyi, C(=O)R40, (wherein R40 is 

selected from the group consisting of C1.20 all^l, C1.20 aikoxy. aryloxy or heteroaryioxy), 
C(=0)NR4iR42 (wherein R41 and R42 are independently selected from the group consisting 
of hydrogen and C1.20 alkyI or R41 and R42 may be joined together to fonri an alkyiene 
group of 2 to 5 carbon atoms). COCI. OH, CN. C2.20 alkenyl (preferably vinyl). C2-20 alkynyl. 

40 oxiranyl. glycidyl, aryl, heteroaryl. aryialkyi and aryl-substituted C2.20 alkenyl. 
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40. A supported catalyst for use in a heterogeneous catalytic reaction, comprising: 

(a) a catalyticaHy active at least penta-coordinated metal complex according to any of 
claims 31 to 36 or a catalytic system according to any of claims 37 to 39, and 
5 (b) a supporting amount of a earner suitable for supporting said catalyticaHy active 

metal complex or catalytic system (a). 

41 . A supported catalyst according to claim 20 or claim 40. wherein said canier is selected from 
the group consisting of porous inorganic solids, such as amorphous or paracrystailine 

10 materials, crystalline molecular sieves and modified layered materials including one or more 

inorganic oxides, and organic polymer resins. 

42. A method of perfonming a reaction involving the transfer of an atom or group to an ethylenically 
or acetylenically unsaturated compound or another reactive substrate in the presence of a 

15 catalytic component, wherein the said catalytic component comprises an at least penta- 

coordinated metal complex according to any of claims 31 to 36. 

43. A method according to claim 42, wherein the said reaction is an atom transfer radical 
polymerisation and wherein the said catalytic component is combined with an initiator having a 

20 radically transferable atom or group. 

44. A method according to claim 42, wherein the said reaction is the cyclopropanation of a- 
ethylenically unsaturated compounds and wherein the said reaction is effected in the presence 
of a diazo compound. 

45. An at least tetra-coordinated metal complex or hexa-coordinated metal complex according to 
claim 9, wherein the multidentate ligand is a bidentate Schiff base being selected from the 
group consisting of: 

- reaction products of an optionally substituted salicylaldehyde or a nitration product thereof 
with a primary amine, as shown in fomnula (VI) of figure 6, wherein A is selected from the 
group consisting of oxygen, sulfur and nitrogen; R is selected from the group consisting of 
hydrogen, C1.7 alkyi and aryl, provided that R represents at least one hydrogen atom and z 
is 1 when A is o^gen or sulfur or z is 2 when A Is nitrogen; R^ is selected firom the group 
consisting of C1.7 alkyI, aryl, arylalkyl, silo^l, alkyloxyalkyi, aryloxyalkyi, aryloxyaryl and 
alkyloxyaryl; R^ is selected from the group consisting of hydrogen, Ci_7 alkyI, aryl and 
halogen; R^ is hydrogen; R"* is selected from the group consisting of hydrogen, C1.7 alkyI 
and aryl; and R^ is selected from the group consisting of C1.7 alkyI, C3.10 cydoalkyl, aryl, 
alkyloxyalkyi, aryloxyalkyi, aryloxyaryl and alkyloxyaryl; and 

reaction products of an optionally substituted pyrrole-2-cart50xaldehyde with a primary 
amine as shown in fonmula (V) of figure 6, wherein R^ is selected from the group consisting 



30 



35 



wo 2005/035121 



PCT/BE2004/000146 



89 

Of C1.7 alkyl. aiyl, arylalkyi, siloxyl, nitro. sulfonate, halogen, alkyloxyalkyl. aiyloxyalkyl. 
aryloxyaryl arid alkyloxyaryl; is selected from the group consisting of hydrogen. C1.7 
alkyl, aryl and halogen; is hydrogen; R^ is selected from the group consisting of 
hydrogen, C1.7 alkyl and aryl; and R^ is selected from the group consisting of C1.7 alkyl. C3. 
10 cycloalkyi and aryl. 



46. An at least tetra-coordinated metal complex or hexa-coondinated metal complex according to 
claim 45, wherein said primary amine is an arylamine having one or more bulky substituents 
such as 2.6-diisopropylaniline. 2,6.diisopropyl-4-nltroanllme, biphenylamine, terphenylamine, 
anthracenylamine. phenanthracenylamine. 2,6-dimethylphenyl, 2,6-diethylanlline, 4- 
methylanlline, 2Hsopropyl-6-methylanlline. 2,4.6.trimethylaninne, 2-fe/f-butylaniline, 2-te/f-butyl- 
6-methylaniline and 10-nitroanthracenylamine. 

47. A penta-coordinated metal complex, a salt, a solvate or an enantiomer thereof, comprising: 

a bidentate Schiff base ligand, 
an anionic ligand, 
a non-anionicJigand, and 
a Fischer carbene ligand. 

49. A penta-coordinated metal complex according to claim 47, being selected from the group 
consisting of: 

- Ghloro-tricydohexylphosphlno-ethoxyvinylidene-N.O[N-(4-bromo-2,6-dimethylphenyO-((2^ 
phenoxy)-1-phenyl)iminomethane]-ruthenium. 

- chloro-tricydohexylphosphino-ethoxyvinylidene-N.O[N-(4-bromo-2.6-dimet^ 
phenoxy-5-nltro)-1-phenyl)iminomethane]-mthenium, 

- chloro-tricyclohexylphosphino-ethoxyvinylidene-N,O[N-(2,6-diisopropylpheny0-((2^ 
phenoxy)-1-phenyl)iminomethane>ruthenium, 

- toluyl-tri(^clohexylphosphino-ethoxyviny|jdene-N.O[N-(4-bromo-2.6KiimethylphenyO-^ 
phenoxy)-1-phenyl)iminomethane]-ruthenium tetrafluoroborate, 

- toIuyl-tricyclohexylphosphino-ethoxyvinylidene-N,0[N-(4-bromo-2.6-dimethylphenyl)-((2- 
phenoxy-5-nitro)-1-phenyOiminomethane]-ruthenium tetrafluoroborate, and 

- toluyl-tricyclohexylphosphmo-ethoxyvlnylidene-N,0[N-(2,6KJIisopropylphenyl)-({2^ 
phenoxy)-1 -phenyl)iminomethane]-ruthenium tetrafluoroborate. 
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This Internationa! Searching Authority found multiple (groups of) 
inventions in this international application, as follows: 

1. claims: 1-3, 9 (part), 10-12 (all part), 14 (part) , 16-30 (all 
part), 41 (part), 45, 46 



Catalyst according to examples 2-8 and 10 comprising a) a 
multi dentate ligand being coordinated with the metals by 
means of a nitrogen and at least one heteroatom; b) a 
non-anionic unsaturated ligand selected from aromatic and 
unsaturated cycloal iphatic compounds and c) a non-anionic 
ligandselected from the group consisting of Cl-7-Allcyl , 
C3-10-Cycl oal kyl , aryl , aryl al kyl , al kyl aryl and 
heterocyclic; catalytic systems comprising said catalyst and 
metathesis reactions in presence of the same 



2. claims: 4-8, 9 (part), 10-12 (all part), 14-20 (all part) » 21-30 

(all part), 41 (part) 



Hexacoordinated catalysts according to examples 10 and 11 
comprising a) a multi dentate ligand being coordinated with 
the metals by means of a nitrogen and at least one 
heteroatom; b) at least one non-anionic bi dentate ligand 
being different form a); and c) at most two anionic ligands, 
catalytic systems comprising said complexes and metathesis 
reactions in presence of the same. 



3. claims: 13, 14-20 (all part), 21-30 (all part), 41 (part) 
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comprising a) two anionic ligands b) a non-anionic 
unsaturated ligand selected from the group consisting of 
aromatic and unsaturated cycloal iphatic groups and c) a. 
saturated aliphatic monoamine; catalytic systems comprising 
the same and metathesis reactions in presence of the same. 



4. claims: 31-40, 42-44 



International Application No. PCT/ BE20O4/ 000146 



FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210 



An at least penta-coordinated metal complex comprising a) a 
ligand comprising two Schiff bases, wherein the nitrogen 
atoms are linked with each other through a Cl-7 alkylene or 
arylene group and b) one or more non-anionic ligands 
selected from the group consisting of i) tri substituted 
phosphines, ii) aromatic and unsaturated cycloaliphatic 
groups catalytic systems comprising the same and atom 
transferring reactions (like cycl opropanati on reactions) in 
presence of the same. 



5. clairqgi 47, 49 



Penta-coordinated metal complexes according to examples 
15-17, 46 and 49 comprising a) a bi dentate Schiff base 
ligand. b) an anionic ligand, c) a non-anionic ligand and d) 
a Fischer carbene ligand. 
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